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Buxus species, commonly known as boxwood or box plants, are evergreen shrubs ranging from 
compact, slow growing to relatively tall forms with an open canopy. Their diversity in shape, size and 
growth rate, their versatility and easy maintenance make them popular with modern-day gardeners, 
as they can be used for a wide range of ornamental landscaping uses. Plants may be used as 
individual specimens or in hedges, parterres and group plantings. Special uses include growth in 
containers and as topiary plants (Batdorf, 1997; Batdorf, 2004; 1999; Van Trier & Hermans, 2005). 
For a long time, boxwood was considered to be generally free of important pests and diseases 
(Henricot et al., 2008).  
In the mid-1990s, however, a formerly unknown fungal blight disease was observed on Buxus, caused 
by Cylindrocladium buxicola. Since these early observations, this fungal pathogen has spread 
throughout the commercial boxwood sector, and is nowadays widespread in most areas where Buxus 
is grown. C. buxicola seriously affects the aesthetics of host plants (EPPO, 2004; LaMondia et al., 
2012), often making them unmarketable (Ivors & LeBude, 2011; Saracchi et al., 2008). Under certain 
conditions, the disease can even lead to plant mortality. In addition to a substantial economical 
impact, this pathogen now also threatens historical boxwood gardens (Groen & Zieleman, 2012) and 
wild boxwood populations (Gehesquiere et al., 2013; Gorgiladze et al., 2011; Henricot, 2006) 
throughout Europe and Asia.  
In nurseries in Belgium and the Netherlands, this pathogen was initially mainly controlled by regular 
preventive treatments with fungicides, even when conditions were not especially conducive for 
disease development (Didier Hermans (Herplant BVBA), personal communication). Due to the 
(potential) impact of conventional chemical pesticides on the human health and environment, 
however, governments worldwide are developing policies to reduce their use. Directive 2009/128/EC 
of the European parliament and Council establishes a framework to achieve a sustainable use of 
pesticides by reducing the risks and impacts of pesticide use on human health and the environment 
and promoting the use of integrated pest management. This directive defines integrated control as 
“the rational application of a combination of biological, biotechnological, chemical, cultural or plant-
breeding measures whereby the use of chemical plant protection products is limited to the strict 
minimum necessary to maintain pest populations at levels below those causing economically 
unacceptable damage or loss”. Other (European and national) directives have resulted in the 
withdrawal of many active ingredients from the market or limiting restrictions on the practical use of 
chemicals (e.g. decreases in doses, numbers of treatments or allowed target crops).  
As a results of this receding number of available active ingredients, and in view of the economic 
importance of the fungus C. buxicola for the boxwood producing industry, reliable knowledge about 
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the pathogen’s biology and the susceptibility of the diverse Buxus species and cultivars was urgently 
needed to allow a sustainable integrated control.  
In general, the objective of this work was to gain knowledge on how C. buxicola can be controlled 
using an integrated management approach. This general objective was divided into several smaller, 
more specific objectives. The first objective was to determine the genotypic and phenotypic 
diversity of C. buxicola isolates from different geographic origins and isolation years, as such 
diversity might have practical consequences regarding the detection and control of this pathogen. 
Second, we aimed to increase our knowledge of the epidemiology of C. buxicola, i.e. through 
processing of air, water and plant samples following the development of molecular detection tools. A 
detailed and comprehensive knowledge on the epidemiology should allow growers to interfere with 
the pathogen’s spread, survival and introduction through cultural measures. The third objective was 
to evaluate the host susceptibility of a range of Buxus species or cultivars and determine the 
genetic segregation of resistance traits. This should lead to a better risk assessment of the Buxus 
assortment and the commercialisation of less susceptible cultivars. Furthermore, this knowledge 
would be valuable for future breeding programs. In addition to good cultural practices and optimal 
use of the genetic potential, a sustainable chemical control can also be considered as a valuable asset 
in an integrated control program. Chemical control can only be sustainable, however, when both the 
professional and non-professional users of Buxus have access to registered products from several 
chemical classes. Consequently, as last objective we aimed to determine the efficacy of a selection 
of fungicides to control C. buxicola on Buxus.  
This thesis is divided into 10 chapters. Chapter 1 gives a general introduction on C. buxicola and 
Buxus, and describes some of the molecular detection and fingerprinting techniques used during this 
research.  
Chapters 2 to 9 report the research conducted from 2009 to 2013, and are divided into four parts, 
reflecting the four objectives of this study. Part I (Chapters 2-3) is dedicated to the genotypic and 
phenotypic characterization of the known global population of C. buxicola. Chapter 2 describes the 
identification of two genetic lineages within C. buxicola, their phenotypic characterization and 
molecular detection. In Chapter 3, the population dynamics in the main lineage is investigated in 
more detail via the use of newly developed simple sequence repeat (SSR) markers. Part II (Chapters 4 
and 5) focuses on the epidemiology of C. buxicola. In Chapter 4, we describe the development and 
validation of molecular tools for the detection of C. buxicola in water, air and plant samples of 
practical sizes. These molecular tools were implemented in Chapter 5, in which we studied spread, 
survival and introduction of C. buxicola via analysis of samples from production nurseries as well as 
Problem statement and thesis outline 
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via controlled spread experiments on a mock container field. In Part III (Chapters 6, 7 and 8) we 
investigated the genetic potential of a selection of the current Buxus assortment. Chapter 6 is 
dedicated to the in vivo susceptibility screenings of commercially interesting Buxus cultivars. Based 
on the results of Chapter 6, representative Buxus cultivars were selected and the plant-pathogen 
interaction at a physiological level was visualized through staining and fluorescence microscopy. The 
results of these microscopy observations are reported in Chapter 7. Chapter 8 describes the 
formation of hybrid Buxus populations after controlled interspecific crossing of Buxus species, and 
the segregation of resistance factors. Part IV (Chapter 9) finally gives an overview of the in vivo 
fungicide screenings.  
In the last chapter of this thesis, Chapter 10, general conclusions are drawn and future research 
directions are suggested. 
  
  
 
  
  
 
 
 
Chapter 1: 
General introduction 
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1.1 Buxus  
1.1.1 Taxonomy and botanical description of the genus Buxus 
The proper botanical classification of the boxwood family, Buxaceae, has yielded a diversity of 
opinions from taxonomists. Originally, authorities treated Buxus as a member of the Buxeae tribe, in 
the Euphorbiaceae, the spurge family. In 1822, Buxeae was promoted to its own family Buxaceae 
because of the absence of milky sap and morphologically differing features. In 1896, the Buxaceae 
family was divided intro three subfamilies and six genera: (1) Buxeae, with the three genera 
Sarcococca, Pachysandra and Buxus; (2) Stylocereae, with the two genera Notobuxus and Styloceras; 
(3) Simmondsiaceae, with one genus, Simmondsia. In the period 1970-1980, Styloceras and 
Simmondsia were promoted to their own families, Stylocerataceae and Simmondsiaceae 
respectively. Nowadays, taxonomists generally agree with the current classification system for the 
boxwood family consisting of 4 genera: Buxus, Pachysandra, Sarcococca and Notobuxus (Table 1.1). 
The genus Buxus is further divided into three subgenera. Probuxus is native to Africa and is 
considered the most primitive. The most modern is Tricea, which is found on the American continent, 
specifically the Caribbean region. In the geological time scale, the subgenus Buxus occurred between 
Probuxus and Tricea. All boxwood found on the Asian and European continent belong to this 
subgenus.  
  Table 1.1 Taxonomy of the Buxaceae family (based on the APG III system)  
Clade: Angiosperms 
Clade: Eudicots 
Order: Buxales 
Family: Buxaceae 
Genera: Buxus, Pachysandra, Sarcococca, Notobuxus 
 
Buxus is botanically described as a woody shrub or small tree with generally quadrangular, or square-
shaped, young stems. The evergreen leaves are opposite each other on the stem, and have a leathery 
texture that is easily separated into two layers. The leaves are simple, rounded to lanceolate, entire, 
the margins continuous and have a short petiole without stipules. More than one leaf shape and size 
may occur on a single plant. The internodal length varies slighly, and the upper leaf surface is most 
often darker than the underside. Leaf colors vary in shades of green and yellow-green with some 
having hues of blue and black, while others have variegations of gold, silver and white. Buxus has a 
Chapter 1 
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rhythmic growth pattern of shoot elongation, for most species existing out of two annual growth 
periods; the first begins in early spring and the second in late summer or early fall (Larson, 1999).  
Both the leaf micromorphology and physiology have been reported to alter during the ontogenesis 
(Bernal et al., 2013; Gostin, 2014). Boxwood flowers are often overlooked as they have no petals and 
look rather inconspicuous. There is great variation in the flowering capacity of the different species 
and cultivars. Some flower profusely and even have a persistent fragrance. Others do not flower and 
hence produce no fruits. Some cultivars have to grow for 15 years or more before they bloom and 
bear fruit, and some set fruit in which a portion of the seeds abort. For boxwood that does bloom, 
the flowers tend to appear in the spring, the exact date strongly influenced by the climatic 
conditions. Warm temperatures tend to induce early flowering. The flowers are either male or 
female and occur in axillary or terminal clusters that usually consist of a central pistillate (female) 
flower and several staminate (male) flowers. The pistillate flowers develop fruits, which are 
subglobose, three-horned capsules, which open into three two-horned valves at maturity. In each 
valve are usually two shiny black seeds. When ripe, the fruits open and seeds may be ejected. If the 
soil surface conditions are satisfactory, the seeds will germinate and produce seedlings. Unless 
careful intervention has been taken to cover unopened flowers and hand-pollinate them, all seeds 
produced naturally will results from cross-pollination by bees and other insects and will hence be of 
unknown parentage, at least regarding the male (Batdorf, 2004; Larson, 1999; Van Trier & Hermans, 
2005).  
1.1.2 Buxus species range and distribution 
A clear and comprehensive understanding of the botanical and taxonomic relationships among the 
species in the genus Buxus remains illusive. However, a consensus of current taxonomic data 
suggests there are about 95 to 100 species, of which only 25 to 30 have been reasonably well-
described (Larson, 1999). Boxwood has an almost worldwide distribution, growing most often in 
tropical climates with a few species found in temperate areas. Boxwood occurs naturally on 
limestone formations or other rock formations such as porphyry and basalts. It grows in detritus soils 
and those formed from cliff rock debris, but seldom in sandy soils. Typically they are understorey 
plants in mixed forests, or grow in protected sites in dry meadows, in valleys or on sloping hillsides 
(Batdorf, 2004).  
Larson (1999) describes five major geographical regions among which Buxus species are distributed 
(Figure 1.1). Only temperate North America and Australia lack indigenous species of boxwood. 
General introduction 
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Figure 1.1 Worldwide distribution of indigenous Buxus species according to Larson (1999) 
1) Europe, Mediterranean Basin and Middle East  
 Best known:  Buxus sempervirens (Common Boxwood) 
   Buxus balearica (Spanish Boxwood) 
2) China, Japan, Korea, Malaysia and the Philippines 
 Best known:  Buxus microphylla (Littleleaf Boxwood) 
   Buxus microphylla var. japonica (Japanese Littleleaf Boxwood) 
   Buxus sinica var. insularis (Chinese/Korean Littleleaf Boxwood) 
   Buxus bodinieri 
   Buxus harlandii 
   Buxus henryi 
3) Africa (tropical and southern) 
4) Caribbean Islands, Mexico and Northern South America 
5) India, northwestern Himalayas and the former Soviet Union 
 Best known:  Buxus colchica 
   Buxus hyrcana 
   Buxus wallichiana 
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There is still a lot of confusion regarding the exact number of native species, their phylogenetic 
relationships and the correct nomenclature. Larson (1999) assigned eight cultivars native to Africa, 
36 to tropical North America and South America, 41 species to Asia and three to Europe. Batdorf 
(2004) on the other hand mentions 91 valid species, of which 10 are native to Africa, 45 to tropical 
North America and South America, 34 to Asia and two to Europe. Even today botanists keep 
identifying new species, often as a result of molecular research. New native Buxus spp. have recently 
been confirmed in Cuba (Gutierrez et al., 2013) and Madagascar (Lowry & Schatz, 2006), 
demonstrating the incompleteness of the current known species range. Moreover, some of the 
species found in herbariums decribed as ‘native’ to a region, have not been confirmed in the wild 
(Batdorf, 2004). The long cultivation history of Buxus has also lead to multiple Buxus species and 
cultivars being - correctly or incorrectly - correlated to several synonym names during history 
(Batdorf, 2004; Larson, 1999; Van Trier & Hermans, 2005). Sometimes, new species have been 
described based on observations made on one individual plant (e.g. B. microphylla), and not a 
population. In such cases, other plants of this species discovered later received other species names 
or cultivar names rather than being recognized as the natural variation found within a species 
(Batdorf, 2004; Larson, 1999).  
The best example of illusive phylogenetic relations and nomenclature might very well be the so-
called ‘Littleleaf Boxwood’ species. These form a group of closely-related, yet widely distributed 
boxwood found in temperate East Asia (Region 2, Figure 1.1). While it appears that B. microphylla 
has many botanical varieties, nearly all of these are considered synonyms for other taxa. Originally, B. 
microphylla had two varieties: B. microphylla var. japonica, described in 1914, which produces 
diminutive or aberrant forms, and B. microphylla var. insularis, described in 1922. In 1980, B. 
microphylla was reclassified and restricted to plants originating from Japan. The B. microphylla native 
to China and Korea was reclassified as B. sinica. This change also resulted in the popular Korean 
boxwood, which had a botanical name of B. microphylla var. insularis (syn. B. microphylla var. 
koreana), being classified as B. sinica var. insularis (Batdorf, 2004). The complex and 
incomprehensive nomenclature has lead to different production nurseries using different (correct or 
incorrect) synonym names for a similar product range (Saunders Brothers, 2011; Van Trier & 
Hermans, 2005). Some nurserymen try to hold on to the official nomenclature, although cultivar 
names are often assigned to the incorrect species or variety name. A lot of European nurseries have 
adopted a more general simplified nomenclature, in which the species name B. microphylla is 
generalized and combined with existing cultivar names (e.g. B. microphylla ‘Morris Midget’ instead of 
B. microphylla var. japonica ‘Morris Midget’, B. microphylla ‘Koreana’ instead of B. sinica var. 
insularis or B. sinica var. Koreana, B. microphylla ‘Nana’ instead of B. sinica var. insularis ‘Nana’ etc.).  
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Molecular techniques could help unravel the phylogenetic relationships in these and other Buxus 
species, and eventually lead to a more correct taxonomy and comprensive nomenclature. For 
instance, Van Laere et al. (2011) investigated the genetic relationships in European and Asiatic Buxus 
species and cultivars based on amplified fragment length polymorphism (AFLP) markers, genome 
sizes and chromosome numbers. Their phenetic trees demonstrated a clear genetic separation 
between the African species Buxus macowani and the Eurasiatic Buxus species. The Eurasiatic species 
on the other hand were clearly divided in two major clusters supported by high bootstrap values. The 
‘B. microphylla-cluster’ contains hybrid species and most of the Asiatic species (B. microphylla, B. 
sinica, B. bodinieri, B. harlandii, B. hyrcana, B. henryi). The ‘B. sempervirens-cluster’ contains the B. 
sempervirens cultivars and B. colchica. B. balearica and B. wallichiana could be separately 
distinguished with these clusters, although poorly bootstrap supported. Molecular research also has 
the potential to unravel incorrect nomenclature of commercial boxwood cultivars. For instance, the 
Buxus cultivar ‘Justin Brouwers’, assigned to be a B. sinica var. insularis cultivar according to several 
authors (Batdorf, 2004; Larson, 1999), was identified as a B. sempervirens cultivar in this study. The 
tested B. sempervirens ‘Anderson’ plants on the other hand belonged to the ‘B. microphylla’ cluster, 
so it is likely these plants were also misnamed (Van Laere et al., 2011). In addition, the genetic results 
do not reflect the taxonomic classification of the ‘LittleLeaf Boxwood’ species (B. sinica var. insularis, 
B. microphylla, B. microphylla var. japonica). For instance, B. sinica var. insularis ‘Filigree’ was 
genetically most related to B. microphylla var. japonica ‘Trompenburg’. Although the similar 
appearance of Buxus sinica var. insularis ‘Tide Hill’ and B. microphylla ‘Herrenhausen’ has been 
acknowledged, they were designated as different species because the latter one ‘grows faster, 
producing weak new growth that falls open from rainfall’ (Batdorf, 2004). However, when tested by 
Van Laere et al. (2011), these cultivars genetically clustered together with high bootstrap support 
(100), instead of with other B. microphylla or B. sinica var. insularis cultivars.  
It is unclear if all of these examples of possibly erroneous nomenclature are due to taxonomic errors 
during the registrations of the plants, or if these cultivar names have been incorrectly assigned to 
other, morphological similar plants during the period following the initial registration. Additional 
molecular research will be needed to fully resolve the taxonomic issues within Buxus.  
1.1.3 Cultivation 
The cultivation of Buxus has a long and rich history, and the plant has served as the backbone of 
many landscapes and formal gardens for centuries. Over the years, boxwood have fallen in and out 
of favor, but are once again gaining popularity with modern-day gardeners because of numerous 
new cultivars (Batdorf, 2004; Larson, 1999; Saunders Brothers, 2011; Van Trier & Hermans, 2005). 
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Most cultivated boxwood nowadays are derived from and have been assigned to the species Buxus 
sempervirens and Buxus microphylla (var. japonica), and to a lesser extent, Buxus harlandii and Buxus 
sinica (var. insularis). Those are all rather widespread through temperate Asia, Europe and North 
America (Larson, 1999).  
Buxus is valued by cultivators because of several characteristics: they are evergreen, drought tolerant 
and easy to maintain; most require little pruning. Their persistence offers permanence in the 
landscape. In some regions, boxwood have the desired trait of being deer resistant (Saunders 
Brothers, 2011). Boxwood grows in many natural shapes, sizes and variations, ranging from dwarf 
shrubs to large, upright, tree-like, or even weeping forms. This morphological diversity makes 
boxwood a plant with a wide range of applications (Larson, 1999). They can be used as individual 
specimens or in hedges, parterres and groups. Special uses include growth in containers and as 
topiary plants. Also, the foliage is often used in holiday decorations (Batdorf, 2004; Larson, 1999; Van 
Trier & Hermans, 2005) 
1.1.4 Buxus pests and diseases  
1.1.4.1  Pests 
In general, pests are few and damage largely depends on the type of boxwood and its growing 
conditions.  
The boxwood leafminer, Monarthropalpus flavus, is a serious insect pest to most cultivars of Buxus 
sempervirens and B. microphylla. It is considered the primary pest on the North American continent. 
A high population of this red mosquito, 2-3 mm in size, can defoliate boxwood. The adults mate and 
lay eggs on the leaves. The emerged larvae reside and feed in the leaf. While larvae are feeding, 
damage appears as swollen orange blisters. Several bird species are able to detect the presence of 
boxwood leafminers inside the leaf and can cause additional damage by pecking away the bottom 
leaf surface to gain access to the larvae (Batdorf, 2004; Saunders Brothers, 2011; Van Trier & 
Hermans, 2005). 
Eurytetranychus buxi, the boxwood mite is a common and widespread pest affecting most cultivars 
of B. sempervirens and B. microphylla. The damage is most apparent on the second- and third year 
leaves. Mite-damaged leaves typically have tiny spots and marks on them. These marks are usually 
superficial but can become a problem if the mite population becomes too large. As mites thrive in 
hot, dry conditions, problems with this pest are often highest during the summer (Batdorf, 2004; 
Saunders Brothers, 2011; Van Trier & Hermans, 2005). 
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The boxwood psyllid, Psylla buxi, is a winged insect, ranging 3 to 5 mm in size. The small light green 
nymphs feed on the young leaves, causing distortion and inward cupping, and preventing proper 
elongation of new growth. A white, waxy, stringy secretion can be observed in the cupped leaves. 
The damage is especially noticeable on B. sempervirens cultivars (Batdorf, 2004; Van Trier & 
Hermans, 2005). 
Many different scale insects, like the Indian wax scale, Ceroplastes ceriferus, and the Oystershell 
scale, Lepidosaphes ulmi, can usually be found in low numbers on most boxwood, where they 
overwinter and feed on the interior twigs. When feeding in high numbers, however, these scales can 
cause twig discoloration and dieback (Batdorf, 2004; Van Trier & Hermans, 2005).  
In Europe, the box tree moth Cydalima perspectalis has recently been introduced. This large moth 
with a wingspan of 4-4.5 cm is native to eastern Asia. It has first been observed in Germany in 2007 
and has since spread throughout western Europe. The caterpillars of this moth can cause severe 
defoliaton when feeding (Mally & Nuss, 2010). 
1.1.4.2 Fungal root diseases 
Several pathogenic soil fungi, like Phytophthora spp. (Root Rot disease), Pythium spp. (Root Rot 
disease), Paecilomyces buxi (Boxwood Decline disease), Chalara elegans (Black Root Rot disease) etc. 
have been observed to cause different levels of root or collar damage. Disease mostly develops as a 
result of improper soil conditions (e.g. bad drainage, strong fluctuations between dry and wet soil). 
The root and/or collar damage caused by these fungi eventually leads to aboveground symptoms, 
including stunting, necrotic bark lesions at the base of the stem, reduced growth, leaf chlorosis, twig 
wilt and possibly dieback (Batdorf, 2004; Luongo et al., 2013; Van Trier & Hermans, 2005; Vettraino 
et al., 2010). Aboveground symptoms can be restricted to a few branches or extended to the whole 
crown (Batdorf, 2004; Luongo et al., 2013). Remedies are few. Planting boxwood in well-drained soil 
and appropriate irrigation techniques are probably the only feasible strategies to avoid these 
diseases (Batdorf, 2004; Van Trier & Hermans, 2005).  
1.1.4.3 Fungal leaf and stem diseases 
Infection by the boxwood rust Puccinia buxi is characterized by small, dark brown pustules that 
develop on the top and underside of the leaves, and on the twigs (Strouts & Winter, 2000). Smith et 
al. (1988) report hypertrophy and dieback of new growth. This rust is mostly found on older plants, 
e.g. in historical gardens or in wild populations (Preece, 2000).  
Volutella blight is a stem blight disease caused by the fungus Volutella buxi. Leaves on the young 
twigs turn orange or bronze, then straw-colored. Affected leaves turn upwards and closer to the 
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stem. Infected branches die back. Under humid conditions, a layer of conidia appear as a thin film of 
salmon-pink powder on the underside of the leaf (Batdorf, 2004; Van Trier & Hermans, 2005). 
Boxwood is more susceptible to infection when subjected to stress from improper watering, winter 
injury or wounds. Infection often occurs at the base of dead shoots, or via defoliated leaves 
accumulated in the plant, or through pruning wounds. It often acts as a secondary pathogen 
following a primary blight disease development caused by another fungus: Cylindrocladium buxicola.  
As the fungus Cylindrocladium buxicola is the main subject of this dissertation, the known literature 
regarding this pathogen will be discussed in more detail in the next subchapter.  
1.2 Cylindrocladium buxicola 
1.2.1 The genera Cylindrocladium and Calonectria 
The anamorph genus Cylindrocladium (C.) and its teleomorph genus Calonectria (Ca.) reside in the 
Nectriaceae, one of three families in the order Hypocreales (Table 1.2). The family includes 
approximately 20 genera of economic importance, of which Calonectria is most clearly distinguished 
from the others by the relevance of some of its Cylindrocladium anamorphs as plant pathogens 
(Lombard et al., 2010a).  
   Table 1.2 Taxonomy of the genera Cylindrocladium and Calonectria 
 
 
 
   
   
 
The genus Calonectria (Ca.) was erected in 1867 by De Notaris, based on Ca. daldiniana isolates 
collected from leaves of Magnolia grandiflora in Italy (Rossman, 1979). The name Ca. daldiniana was 
later reduced to synonymy under Ca. pyrochroa (Rossman, 1979). The genus Cylindrocladium on the 
other hand has been described by Morgan (Morgan, 1892), based on C. scoparium found growing as 
a saprobe on Gleditsia triacanthos. The genus was defined as having branched conidiophores 
producing cylindrical conidia. However, Morgan did not mention the stipe extension with the vesicles 
typical for this genus. The relation between those two genera stayed illusive, until Boedijn and 
Reitsma (1950) were the first to observe the connection between both genera. Nowadays, the 
Phylum: Ascomycota 
Class: Sordariomycetes 
Order: Hypocreales 
Family: Nectriaceae 
Genus: Cylindrocladium (anamorph) / Calonectria (teleomorph) 
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Calonectria fungi are defined as having brightly colored (yellow to dark red), warty to scaly ascocarp 
wall structures giving rise to long-stalked, clavate asci with septate ascospores, and Cylindrocladium 
anamorphs (Crous et al., 2004; Lombard et al., 2010b; Rossman et al., 1999). Since 1 January 2013, 
one fungus can only have one name (1F=1N principle), following the International Code of 
Nomenclature for algae, fungi and plants (Melbourne Code). For any taxon from family to genus, the 
correct name is the earliest legitimate one with the same rank, except in cases of limitation of 
priority by conservation (McNeill et al., 2012). As the genus Calonectria has been described before 
Cylindrocladium, it is likely that all Cylindrocladium species will be classified in Calonectria eventually, 
using the final epithet of the legitimate name of the taxon in the same rank (i.e. Cylindrocladium or 
Calonectria).  
Morphologically, Cylindrocladium provides more distinguishable characters than Calonectria, and it is 
also the state most frequently encountered in nature. Consequently, species are primarily 
distuinguished by anamorph characters, of which vesicle shape, stipe extension, conidial septation 
and dimensions (after growth on a standardized medium under defined conditions) have proven to 
be the most reliable ones (Crous, 2002; Peerally, 1991). However, significant variability can still occur 
in morphological features, and are consequently not always considered reliable taxonomic characters 
to define species (Lombard et al., 2010a). Difficulties experienced in morphological identification 
have led to several molecular approaches being employed to identify Cylindrocladium/Calonectria 
spp., of which DNA sequence comparisons and associated phylogenetic inference has had the most 
significant impact on the taxonomy of the group (Crous et al., 2004; Jeng et al., 1997; Kang et al., 
2001; Lombard et al., 2009; Schoch et al., 2001). The most recent and extensive phylogenetic study 
of Cylindrocladium/Calonectria species has been conducted by Lombard et al. (2010b), who used the 
Calonectria nomenclature. Their phenetic trees yielded two major clades, correlated with 
morphologically similar groups of Calonectria spp. The first clade, which they refer to as the Prolate 
Group, includes Calonectria spp. with clavate to pyriform or ellipsoidal vesicles. This clade contains 
50 of the 68 tested Calonectria spp., in 11 subclades (Subclades I tot XI). Some (but not all) of these 
subclades contain species with a correlated geographical distribution. A second, smaller clade (16 
Calonectria spp.) is refered to as the Sphaero-Naviculate Group. Species in this clade have no obvious 
patterns of pathogenicity or geographical distribution. This clade is sub-divided in two subclades in 
which only vesicle morphology was a consistent character: subclade XII, including the species 
characterized by sphaeropedunculate vesicles, and subclade XIII, accommodating the Calonectria 
spp. with naviculate vesicles, in which C. buxicola resides.  
Most species of Calonectria occur commonly in soil, especially in subtropical to tropical regions of 
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the world (Crous, 2002). Although the genus was originally regarded as saprobic (Graves, 1915) taxa 
have since then been proven to be important plant pathogens, associated with a wide host range of 
plants, causing disease symptoms on approximately 100 plant families and 335 host species. Disease 
symptoms include cutting rot, damping-off, leaf spots, shoot blight, stem cankers, root disease and 
tuber rot (Crous, 2002). The plant hosts include important forestry, agricultural and horticultural 
crops, and the impact of these plant pathogens has likely been underestimated (Lombard et al., 
2010b). The majority of disease reports in forestry include hosts in five plant families, of which the 
most important ones are associated with Acacia spp., Eucalyptus spp. and Pinaceae spp. (Anderson & 
Bugbee, 1962; Barnard, 1981; Bolland et al., 1985; Booth et al., 2000; Brayford & Chapman, 1987; Li 
et al., 2010; Lombard et al., 2010b; Polizzi & Catara, 2001; Taniguchi et al., 2008). Major diseases 
attributed to Calonectria infections in agricultural hosts include Cylindrocladium black rot of Arachis 
hypogea (peanut) (Black & Beute, 1981; Glenn et al., 2003; Kucharek & Atkins, 1993), red crown rot 
of Glycine max (soybean) (Dianese et al., 1986; Kuruppu et al., 2004; Naito et al., 1993; Overstreet et 
al., 1990), and Cylindrocladium tuber rot of Solanum tuberosum (potato) in South America (Boedijn & 
Reitsma, 1950; Bolkan et al., 1981). Calonectria related diseases on horticultural crops (ornamental 
trees, shrubs and cut-flowers) have mostly been reported from the Northern Hemisphere, especially 
in commercial nurseries in Europe and Asia (Boedijn & Reitsma, 1950; Brayford & Chapman, 1987; 
Chase, 1982; Crous, 2002; Davis et al., 1979; Grijalba & Palmucci, 2007; Hirooka et al., 2008; 
Holcomb, 1969; Inghelbrecht et al., 2011).  
1.2.2 Boxwood blight disease caused by Cylindrocladium buxicola  
For a long time, boxwood was considered to be generally free of important pests and diseases 
(Henricot et al., 2008). In the mid-1990s, however, a new blight disease on Buxus was observed in the 
United Kingdom (UK) by Henricot et al. (2000). Based on morphology and sequence data, Henricot et 
al. (2000) showed it was caused by an unknown Cylindrocladium sp.. Similar symptoms on boxwood 
were observed in 1998 in New Zealand (NZ), but at that time the causal Cylindrocladium sp. was 
misidentified as C. spathulatum or possibly C. ilicicola (Henricot & Culham, 2002; Ridley, 1998). Based 
on NZ isolates, Crous et al. (2002) described this species as C. pseudonaviculatum Crous, Groenewald 
& Hill in June 2002, referring to the morphological resemblance of the conidia to the species C. 
naviculatum. In December 2002, Henricot and Culham (Henricot & Culham, 2002) described this 
species as C. buxicola Henricot & Culham, the species epithet referring to its only known host at that 
time, Buxus. For several years, both names were used as synonyms. Despite C. pseudonaviculatum 
being earlier, C. buxicola has been the preferred name for those working with the disease in Europe. 
While the teleomorph of C. buxicola has not been found at that time, and although not in accordance 
with the rules then in force, Lombard et al. (2010a) introduced the new combination Calonectria 
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pseudonaviculata (Crous & al.) Lombard & al. In 2012, Henricot et al. (2012) submitted a proposal to 
conserve the name Cylindrocladium buxicola (C. buxicola nom. cons. prop.)against C. 
pseudonaviculatum. C. buxicola is the name used throughout this thesis. Should the species be 
classified in Calonectria, a new combination might be required using the epithet of the conserved 
name, if the conservation proposal is accepted by the General Committee established by the 
Congress (McNeill et al., 2012).  
 
Consequently, the causal pathogen of boxwood blight, has been described both by Henricot and 
Culham (2002) (as Cylindrocladium buxicola) and by Crous et al. (2002) (as Cylindrocladium 
pseudonaviculatum). The fungus is defined as having macroconidiophores comprised of a stipe (a 
sterile elongation) and a penicillate arrangement of fertile branches (Figure 1.2 C). The stipe is 
septate, 95-155 µm long, hyaline and terminating in a broadly ellipsoidal vesicle with a pointed apex 
(naviculate) (Figure 1.2 A). The conidia are cylindrical, rounded at both ends, straight, hyaline, 42-68 x 
4-6 µm, 1 septate (Figure 1.2 B) and held in cylindrical clusters by colorless mucilage (Figure 1.2 D). 
No perithecia are observed. Chlamydospores are dark, brown, and thickened, and aggregate to form 
microsclerotia (Weeda & Dart, 2012).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Cylindrocladium buxicola micromorphology (Henricot & Culham, 2002). A) Terminal vesicles and stipe 
extensions;  B) Conidia; C) Conidiophores;  D) Conidiophores with conidia and extending stipe and terminal vesicle. Bar 
(= 10 µm) only applies to A, B and C  
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Due to the relative recent emergence of box blight disease, little was known about the biology (e.g. 
epidemiology, life cycle, life style) and host range of C. buxicola. Short-distance dispersal was 
suggested to occur via water (splashing water, runoff water or in wind-driven rain), contaminated 
tools, and animals such as birds and insects (Henricot, 2006). All these claims, however, could not yet 
be substantiated by scientific research.  
On Buxus, C. buxicola causes dark brown, often pale-centered spots on the leaves and characteristic 
black streaks on the young stems. The disease eventually leads to severe defoliation, dieback and 
even mortality, especially of young plants (Henricot et al., 2000; Henricot & Culham, 2002)(Figure 
1.3). C. buxicola seriously affects the aesthetics of boxwood plants (EPPO, 2004), often making them 
unmarketable (Ivors & LeBude, 2011; Saracchi et al., 2008). Besides a substantial economical impact, 
this pathogen also threatens historical boxwood gardens (Groen & Zieleman, 2012) and wild 
boxwood populations (Gehesquiere et al., 2013; Gorgiladze et al., 2011; Henricot, 2006) throughout 
Europe and Asia. Artificial inoculations revealed that also species of other genera belonging to the 
Buxaceae family (i.e. Sarcococca and Pachysandra) (Table 1.1) are potential hosts for C. buxicola 
(Henricot et al., 2008; LaMondia et al., 2012). Only P. terminalis has been confirmed naturally 
infected with C. buxicola, showing necrotic lesions with yellow haloes (Douglas, 2012). In most of 
these cases, the landscapes contained plantings of both boxwood and pachysandra, for which both 
hosts confirmed positive for C. buxicola. Given that Pachysandra has never been found affected by 
itself it would seem that disease on this species usually originates from diseased boxwood (Douglas, 
2012). Both Pachysandra and Sarcococca spp. are commonly grown as a ground cover (Henricot et 
al., 2008; LaMondia et al., 2012).  
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Figure 1.3 Typical symptoms of Cylindrocladium buxicola infection on Buxus. A-B) Dark brown leaf spots (B. sempervirens ‘Suffruticosa’); C) Black stem 
lesions on young twigs, usually starting in a corner and expanding mostly longitudinally (B. sempervirens); D) Severe symptoms and defoliation (B. 
sempervirens ‘Suffruticosa’); E) Seriously affected boxwood hedge (B. sempervirens ‘Suffruticosa’) in a private garden; F) Repeated defoliation and 
dieback leading to plant mortality (B. sempervirens) in a nursery. 
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1.3 Molecular detection: Real-time PCR 
With the polymerase chain reaction (PCR), a method developed in the mid-80’s by Kary Mullis and 
coworkers (Saiki et al., 1985), essentially any nucleic acid sequence present in a complex sample can 
be amplified in a cyclic enzymatic process to generate a large number of identical copies for analysis. 
As an analytical tool, the conventional PCR method had a serious limitation. By first amplifying the 
template sequence and analyzing the product afterwards, quantification was extremely difficult as 
the standard end-point PCR gives rise to essentially the same amount of product independently of 
the intitial amount of DNA template molecules present. This problem was resolved in 1992 by the 
development of real-time PCR (also known as quantitative PCR) (Higuchi et al., 1993).  
In real-time PCR the amount of product formed is monitored during the course of the reaction, by 
monitoring the visual fluorescence of dyes or probes into the reaction that is proportional to the 
amount of product formed (Figure 1.4). The normalized reporter Rn is the ratio of the fluorescence 
emission intensity of the reporter dye to the fluorescence emission intensity of the passive reference 
dye. The fluorescent signal Rn during the first amplification cycles is weak and cannot be 
distinguished from the background. In these cycles the fluorescence background of the reaction is 
observed (= ‘baseline’). ΔRn is the normalization of Rn obtained by subtracting the baseline: (ΔRn = 
Rn – baseline). With each cycle, the amount of product accumulates and an exponentially increasing 
signal develops (exponential growth phase). Following this exponential increase, the signal levels off, 
due to the reaction running out of some critical components (e.g. primers, reporter or dNTP’s) 
(plateau phase).  
 
 
 
 
 
 
 
 
Figure 1.4 Real-time PCR response curves. A threshold level is set sufficiently above background and the number of cycles 
required to reach threshold, Cq , are registered. (Kubista et al., 2006) 
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In a standard PCR experiment, all response curves saturate at the same levels. Hence, end-point 
measurements are not informative about the initial amount of template DNA before reaction, they 
only distinguish between positive or negative samples. However, response curves do differ in the 
growth phase of the reaction, reflecting the difference in their initial amounts of template DNA. This 
difference between curves can be quantified by comparing the number of amplification cycles 
needed for the samples’ response curve to reach a particular threshold fluorescence. The number of 
amplification cycles needed to reach the quantification cycle is known as the Cq-value (synonym: Ct-
value or threshold cycle). The efficiency of a PCR assay can be estimated from a standard curve based 
on serial dilution of a target molecule, which can be purified PCR product or plasmid containing the 
target sequence (Rutledge & Cote, 2003). With this PCR efficiency known, it is possible to calculate 
the number of initially present template DNA (Kubista et al., 2006).  
Both non-specific labels and sequence specific probes are available as fluorescence reporters. The 
non-specific label SYBR Green I (Synergy Brands Inc., Syosset, NY, United States) has virtually no 
fluorescence when free in solution, but becomes brightly fluorescent when bound to double-
stranded DNA. The best known example of sequence specific probes are the hydrolysis probes 
(popularly called Taqman probes) (Holland et al., 1991). These probes are labeled with two dyes, or a 
dye and a quencher, forming a donor-acceptor pair, where the donor dye is excited and transfers its 
energy to the acceptor molecule if it is in proximity. Degradation of the probe during polymerization 
changes this distance between donor and acceptor, and a fluorescence signal is emitted. More 
recently, several adaptations of the traditional dual-labeled probes have been proposed to further 
increase the specificity of the probes. For example, Kutyavin et al. (2000) obtained this by 
conjugation of a Minor Groove Binder (MGB) group to the quencher molecule. Also the use of 
synthetic analogues of nucleic acids in probes, such as locked nucleid acids (LNA), has been proposed 
(Costa et al., 2004). Both adaptations stabilize the hybridized probe and effectively raises the melting 
temperature, making MGB and LNA probes shorter and more specific than the traditional dual-
labeled probes. The different probing technologies all have their advantages and limitations. Non-
specific dyes are cheaper than probes. Probes however allow for multiplexing, where several 
products can be amplified in the same reaction and detected in parallel using different labels 
(Wittwer et al., 2001). 
With the current-day reagentia, instrumentation and optimized assays, the number of DNA 
molecules of a particular sequence in a complex sample can be determined with unprecedented 
accuracy and sensitivity sufficient to detect a single molecule (Kubista et al., 2006). Typical uses or 
real-time PCR include pathogen detection and single-nucleotide polymorphism (SNP) analysis, of 
which the practical uses will also be demonstrated in this dissertation.  
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1.4 Molecular fingerprinting techniques 
1.4.1 PCR- RFLP  
PCR-restriction fragment length polymorphism (PCR-RFLP) based analysis, also known as cleaved 
amplified polymorphic sequence (CAPS), is a classic method of genotyping that makes use of 
restriction enzymes (Narayanan, 1991). These enzymes, also known as restriction endonucleases, cut 
DNA at or near specific recognition nucleotide sequences known as restriction sites (Roberts, 1976). 
The PCR-RFLP technique exploits the fact that small-scale genetic variations (e.g. SNPs, microindels) 
are often associated with the gain or loss of a restriction enzyme recognition site (Narayanan, 1991). 
The first step in a PCR-RFLP is amplification of a fragment containing the variation. This is followed by 
a treatment of the amplified fragments with an appropriate restriction enzyme. The presence or 
absence of restriction sites results in the formation of restricted fragments of different sizes, which 
can be visualized by electrophoresis (Zhang et al., 2005). The use of PCR-RFLP assays has several 
advantages such as their low costs and easy design. Moreover, no advanced instruments are needed, 
allowing the use of these assays in most labs. Disadvantages include the need for a priori sequence 
information and difficulties in identifying the exact variation in the event that several SNPs affect the 
same restriction site. Moreover, the variation has to affect a restriction site correlated to a specific 
restriction enzyme (Zhang et al., 2005). In many cases, however, SNPs do not affect any restriction 
sites.  
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1.4.2 AFLP fingerprinting 
The amplified fragment length polymorphism (AFLP) method is a well established molecular 
technique used for fingerprinting DNAs of any origin and complexity, developed by Vos et al. (1995), 
with broad applications in population genetics, shallow phylogenetics, linkage mapping, parentage 
analyses, and single-locus PCR marker development (Meudt & Clarke, 2007; Vos et al., 1995; 
Vuylsteke et al., 2007). AFLP fingerprinting has the capacity to inspect an entire genome for 
polymorphisms without the need of a priori sequence information of the specific organism, an 
advantage shared with other fingerprinting techniques such as Inter-Simple Sequence Repeat 
analysis (ISSR) and Random Amplified Polymorphic DNA (RAPD). However, in many studies AFLPs 
outperform ISSRs and RAPDs in their high reproducibility and informativeness (Meudt & Clarke, 
2007). In addition, AFLP is superior in terms of number of sequences amplified per reaction. A 
virtually unlimited number of markers can be generated by simply varying the used restriction 
enzymes, and the nature and numbers of the selected primer nucleotides  
A schematic outline of a typical AFLP procedure is shown in Figure 1.7. The AFLP procedure starts 
with digestion of genomic DNA (Step 1) with two restriction enzymes: a ‘rare’-cutting enzyme with 6- 
to 8-base (often EcoRI) recognition in combination with a ‘frequent’-cutting enzyme of 4-base 
recognition (often MseI). The ligation step produces three sets of DNA fragments (EcoR – EcoR , EcoR 
– Mse and Mse – Mse), which differ greatly in number of fragments. Next, double-stranded EcoRI and 
MseI linkers (synthetic DNA adapters), homologous to one 5’ or 3’-end generated during restriction 
digestion, are ligated to the DNA fragments using T4 ligase (Step 2). As ligation does not restore the 
original restriction enzyme site because of a base change incorporated into the adapter sequence, 
step 1 and 2 can performed simultaneously. In step 3, the pre-selective amplification, a subset of all 
the fragments is amplified, using primers that are complementary to the linker sequences with or 
without an additional nucleotide. For complex genomes, pre-amplification can be performed with 
selective primers (e.g. Eco + A and Mse + C). Only those fragments with complementary nucleotides 
will be amplified (in this example: about 1/16 of the initial amount) reducing the complexicity of the 
mixture and ‘background’ smear. For simple genomes, pre-amplifications are done by using the 
“non-selective” primers Eco + 0/Mse + 0. In step 4, the number of fragments is further reduced to a 
suitable number for visualization by electrophoresis by a second round of selective PCR amplification, 
in which the primers have an additional 1-3 selective nucleotides (e.g. Eco + ATA and Mse + CAC). 
During this step, the selective primer based on the frequent cutting enzyme (here Eco + ATA) is 
labeled with a fluorescent dye, so that the largest majority of strands are fluorescently labeled for gel 
electrophoresis (i.e one strand from Eco-Mse fragments, both strands from Eco-Eco fragments).  
 
Chapter 1 
26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1.7 Schematic outline of a typical AFLP procedure (Meudt & Clarke, 2007) 
 
Alternative subsets of fragments can be amplified by using combinations of primers with different 
selective bases. For each individual, different subsets of fragments can be labelled with different 
fluorophores, enabling pooling of the product of different primer combinations for capillary 
electrophoresis (“poolplexing”), further increasing the output of AFLP fingerprinting. Polymorphisms, 
which are observed as bands (gelelectrophoresis) or peaks (capillary electrophoresis) present in 
some samples and absent in others, can be caused be several mechanisms: 1) a gain or loss of a 
restriction site; 2) a change (e.g. SNP) in a selective primer binding site; 3) a length polymorphism 
(e.g. because of an indel of variable microsatellite) between the restriction sites. The AFLP profiles 
from multiple individuals are aligned and scored based on the presence (1) or absence (0) of a 
fragment size, producing a binary data matrix (Blears et al., 1998; Meudt & Clarke, 2007; Vos et al., 
1995). 
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1.4.3 SSR fingerprinting 
Simple Sequence Repeats (SSRs), also called microsatellites, are tandemly repeated motifs of 1-6 
base pairs with repeat length rarely exceeding hundreds of repetitions, which are found in all 
prokaryotic and eukaryotic organisms analysed to date (Zane et al., 2002). These microsatellites can 
be classified as perfect, imperfect, interrupted or composite, according to the composition of the 
sequence. A perfect microsatellite is a repeat sequence not interrupted by any base not belonging to 
the motif (e.g. TATATATATATATATA = TA8), while in an imperfect microsatellite, there is a base-pair 
between the repeated motif that does not match the motif sequence (e.g. TATATATACTATATATA). In 
case of an interrupted microsatellite, there is a small sequence within the repeated sequence (e.g. 
TATATACGTGTATATATATA), while in a composite microsatellite, the sequence contains two adjacent, 
distinctive tandem repeat sequences (e.g. TATATATATAGTGTGTGTGT) (Oliveira et al., 2006). These 
SSR regions are characterized by a high degree of length polymorphism, generally thought to arise 
from replication slippage: transient dissociation of replicating DNA strands followed by misaligned 
reassociation (Figure 1.8). This mechanism is enhanced in some kinds of repeats that can stabilize 
transition states by forming double strand loops, e.g. the CAG/CTG trinucleotide (Ellegren, 2004; 
Schlotterer & Tautz, 1992; Sharma et al., 2007; Zane et al., 2002). Most of these primary mutations 
are corrected by a molecular mismatch/repair system. Replication of the small fraction that was not 
repaired, however, leads to insertion or deletion of repeat units relative to the template strand 
(Strand et al., 1993).  
High polymorphism and the relative ease of scoring represent the two major features that make 
microsatellites of interest for genetic studies. The largest disadvantage of microsatellites is that they 
need to be determined de novo from most species being examined for the first time, due to the fact 
that they are usually found in non-coding regions. Nucleotide mutation rate in these regions is higher 
than in coding regions, making the design of universal primers problematic except for genetically 
closely related species (Zane et al., 2002). Moreover, many of the SSR analyses rely on theoretical 
evolution models that attempt to reflect the complex microsatellite evolution. However, despite the 
extensive use of SSR markers over the past years, many theoretical models fail to accurately explain 
allele frequency distributions in natural populations (Ellegren, 2004). It seems that the mutational 
processes governing microsatellite evolution are far more complex than previously thought. A deeper 
understanding of the evolutionary and mutational properties of microsatellites is needed for correct 
interpretation and use of microsatellite data in genetic studies (Oliveira et al., 2006). Increasing lines 
of evidence suggest that microsatellites follow some kind of life cycle, in which they are born, 
expand, contract, die and potentially resurrect (Buschiazzo & Gemmell, 2006; Ellegren, 2004; Oliveira 
et al., 2006). Several intercorrelating factors with varying degrees of influence are believed to affect 
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the course and rate of mutations at microsatellite loci: the nature of the microsatellite, the biological 
context of individuals, the genomic context and selective influences (Buschiazzo & Gemmell, 2006).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8 Visualizing replication slippage. After the replication of a repeat tract has been initiated, the two strands might 
dissociate. The presence of tandem repeats allow realignment of the nascent strand out of register. If not corrected by the 
mismatch/repair system, continued replication will lead to a different length from the template strand. If misalignment 
introduced a loop on the nascent strand, the end result would be an increase in repeat length. A loop that is formed in the 
template strand leads to a decrease in repeat length (Ellegren, 2004)
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2.1 Introduction 
Shortly after the first observations of box blight, Henricot & Culham (2002) described the genetic 
diversity in a group containing 17 isolates from the United Kingdom (UK) and one from New Zealand 
(NZ). To do so, they used AFLP and sequencing of the ribosomal 5.8S RNA gene and the flanking 
internal transcribed spacers (ITS), the ß-tubulin gene (TUB) and the high mobility group (HMG) of the 
MAT1-2-1 mating type gene (HMG-MAT1-2-1). The isolates in the UK and NZ were genetically 
homogenous and were likely to be clonal. From these results, it was suggested that C. buxicola has 
been introduced to Europe from an unknown geographically isolated area. Although some online 
sources indicate a source of origin, these claims have not been substantiated (Ivors & LeBude, 2011). 
In addition, Henricot & Culham (2002) also paired 15 UK and one NZ isolates in all combinations, but 
no fertile perithecia were obtained. From these results, it was suggested that C. buxicola is 
heterothallic and that all isolates belong to one mating type.  
However, since this early research, the box blight disease has also been observed (in order of 
reporting) in Belgium (Crepel & Inghelbrecht, 2003), the Netherlands (Henricot et al., 2008), 
Germany (Brand, 2005), France (Saurat et al., 2012), Ireland (Henricot et al., 2012), Italy (Saracchi et 
al., 2008), Switzerland (Vincent, 2008), Slovenia (Benko Beloglavec et al., 2009), Spain (Varela et al., 
2009), Croatia (Cech et al., 2010), Austria (EPPO, 2010), Georgia (Gorgiladze et al., 2011), Denmark 
(Groen & Zieleman, 2012), Czech Republic (EPPO, 2012), Canada (Elmhirst et al., 2013), the United 
States of America (Ivors et al., 2012), Turkey (Akilli et al., 2012) and Iran (Mirabolfathy et al., 2013). It 
was unknown if these observations are caused by the same clonal population of C. buxicola described 
by Henricot & Culham (2002). The identification of additional lineages (or species) within the C. 
buxicola morphospecies could have important consequences regarding chemical and cultural control 
measures, as different lineages may differ in physiology, fungicide susceptibility and pathogenicity 
(virulence and aggressiveness), and allow for sexual recombination.  
In this chapter, we aimed to characterize genetic and phenotypic variation in an international 
collection of 232 boxwood blight-causing isolates, in order to assess the possible practical 
implications for the control of box blight disease. First, we determined the genetic diversity in a 
selection of isolates by AFLP and by nucleotide sequencing of the ITS, TUB, MAT1-2-1, Calmodulin 
(CAM) and Histone H3 (H3) DNA regions. Second, we developed discriminative assays to differentiate 
isolates of the recognized lineages, and used these to designate all isolates of the working collection 
to the correct lineage. Third, we compared representative isolates of each species in terms of 
morphology, physiology, fungicide susceptibility and pathogenicity, to assess the possible impact on 
the practical control of box blight disease. 
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2.2 Materials and methods 
2.2.1 Fungal isolates, conidia production and DNA extraction 
The name, host, origin, year of isolation and collector of all C. buxicola isolates used are listed in 
Appendix 1. Isolates collected during this study were isolated using the following procedure. Infected 
leaf and/or stem pieces were incubated in moist chambers at 20°C to induce sporulation. Conidia of 
C. buxicola were transferred to potato dextrose agar (PDA) (ForMedium, Hunstanton, United 
Kingdom) and emerging C. buxicola colonies were subcultured at 20°C until free of contaminants. 
From each plant sample, one isolate was single-spored and subsequently preserved at -70°C on 
beads in cryogenic vials (Cryo.sTM 2 mL, Greiner Bio-One N.V., Wemmel, Belgium) for long-term 
storage, using the manufacturer’s protocol. 
To produce sporulation, C. buxicola isolates were grown under near-UV light (peak wavelength of 352 
nm) (Grolux F58W/GRO fluorescent tubes, Havells Sylvania Europe Ltd, London, United Kingdom) at 
18°C on non-sealed potato carrot agar plates with chloramphenicol (PCA) (carrot pieces: 20 g L-1, 
potato pieces: 20 g L-1, agar: 17 g L-1, chloramphenicol: 100 mg L-1). Conidial suspensions were 
obtained by rinsing 14-day-old PCA cultures with 0.1% Tween 20 (Sigma-Aldrich, St. Louis, MO, 
United States) and rubbing the surface with a Drigalski spatula. Conidial concentrations were 
determined using a haemocytometer. 
For DNA extraction, non-sclerotized mycelium was obtained by growing cultures statically for 3 days 
at 20°C in 20 mL clarified V8 juice broth (Tuite, 1969) in sterile 50 mL Falcon tubes (Corning Life 
Sciences, Amsterdam, the Netherlands). Each Falcon tube was centrifuged for 5 min at 6800 rcf, the 
V8 broth was removed and the pellet washed twice with sterile MilliQ water. Wet mycelium 
(approximately 100 mg) was vacuum-dried over a sterile filter (ME27, Whatman, Dassel, Germany), 
transferred into 2 mL microcentrifuge tubes containing two sterile metal beads (4 mm diameter), 
frozen in liquid nitrogen and bead-beaten for 30 s at 30 Hz (MM301, RETSCH Technology, Haan, 
Germany). Genomic DNA (gDNA) was extracted from the ground mycelium using the QuickPick SML 
Plant DNA kit (Bio-Nobile, Parainen, Finland), following the manufacturer’s instructions. DNA 
concentration in the samples was quantified using a Nanodrop ND-1000 spectrophotometer (Isogen 
Life Science, Temse, Belgium). DNA samples were stored at -20°C until further use. 
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2.2.2 PCR amplification and gene sequencing 
Partial sequences of the ITS, TUB, CAM, H3 and HMG-MAT1-2-1 DNA regions were PCR-amplified 
using the ITS1/ITS4 (White et al., 1990), T1/T2 (O'Donnell & Cigelnik, 1997), Cal228F/Cal737R 
(Carbone & Kohn, 1999), H3-1A/H3-1B (Glass & Donaldson, 1995), and ColHMG1/ColHMG2 (Schoch 
et al., 2000) primer pairs, respectively . PCR reactions (50 µL) contained 50-100 ng of target DNA, 0.3 
µM of each primer and 1x DreamTaq PCR Master mix (Fermentas, Brussels, Belgium) and were 
performed in a GeneAmp PCR System 9700 P E (Life Technologies, Ghent, Belgium). The 
thermocycling profile consisted of 5 min initial preheating at 94°C, 35 cycles of 30 s denaturation at 
94°C, 30 s annealing at 55°C and 45 s extension at 72°C, and a final extension step at 72°C for 10 min. 
The fragments of expected size were gel-purified using the Nucleospin Extract II purification kit 
(Macherey-Nagel, Düren, Germany). Amplicons were sequenced in both directions using the 
amplification primers and the Sanger sequencing method, at Macrogen (Seoul, Korea). The obtained 
sequences were deposited in GenBank, with the exception of the partial MAT1-2-1 sequences which 
can no longer be deposited in Genbank due to new size restrictions. 
2.2.3 Genotypic characterization  
AFLP 
AFLP reactions were performed as described by Ivors et al. (2004). Following ligation, DNA was pre-
amplified using non-selective PCR primers EcoRI (E00) (5’-GACTGCGTACCAATTC-3’) and MseI (M00) 
(5’-GATGAGTCCTGAGTAA-3’). Three labeled primer pairs were tested for the selective PCR 
amplification: (VIC-E00-AC) + (M00-AC), (NED-E00-TC) + (M00-CC), (6FAM-E00-GG) + (M00+CC). The 
fragments were sized on an ABI3130 Genetic Analyzer (Life Technologies) using Rox 500 as size 
marker. Electropherograms were scored manually using BioNumerics 6.6 (Applied Maths, St- 
Martens-Latem, Belgium). The three selective primer pairs were preliminarily tested on a selection of 
five C. buxicola isolates (CB002, CB008, 06-1438, Bdv B/52-3878, PD 05/02553081). Of these, the 
most discriminative primer pair was selected for AFLP amplification of a selection of 83 C. buxicola 
isolates (Appendix 1, isolate set a). Cylindrocladium colhounii CyCol001 (isolated from Rhododendron 
sp. in 2012), Cylindrocladium spathiphyllum CySpa001 (Spathiphyllum sp., 2012) and Cylindrocladium 
pauciramosum CyPau001 (Rhododendron indicum, 2012) were used as outgroups. To test the 
reproducibility, analyses of 10 C. buxicola isolates were repeated. Only fragments ranging in size from 
40 to 550 bp that could be scored unambiguously in all replicates of these isolates were scored for 
presence or absence in all isolates. A Neighbor-joining (NJ) tree was constructed in BioNumerics 6.6 
based on the binary data using a Jaccard correlated similarity matrix, and similarity values and 
distances were determined.  
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Multilocus phylogeny 
Parts of the ITS, TUB, CAM, H3 and HMG-MAT1-2-1 genes of 28 C. buxicola isolates (Appendix 1, 
isolate set b) were PCR amplified and sequenced as described above. Together with additional 
sequences retrieved from the GenBank database (Table 2.1), these were aligned using the ClustalW 
algorithm and trimmed to obtain equal lengths. The individual markers and combined multilocus 
sequences were aligned using the Molecular Evolutionary Genetic Analysis (MEGA) tool of Tamura et 
al. (2011) (version 5.05) and manually edited to correct ambiguously aligned regions. The 
phylogenetic analyses were conducted using Maximum Likelihood (ML) and Bayesian Inference (BI). 
The Bayesian information criterion (BIC) (Schwarz, 1978) was used to determine the nucleotide 
substitution model that fits the specific dataset best.  
ML evolutionary analyses were conducted in MEGA 5.05, performing a heuristic search with 1000 
replicates. Initial trees for the heuristic search were obtained using the BioNJ method (Gascuel, 1997) 
with Maximum Composite Likelihood (MCL) distance matrix. For each data set, bootstrap analyses 
were performed using 1000 replicates. The final ML phylogenetic trees were drawn in MEGA 5.05. BI 
analyses were carried out using MrBayes 3.1.2. (Ronquist & Huelsenbeck, 2003). Four independent 
Markov chains were run for 107 generations or until the standard deviation of split frequencies was 
below 0.01. The chains’ heating temperature was set to 0.2, burn-in values were set at 25% and trees 
were sampled every 100 generations. The remaining trees were used to calculate a 50% majority rule 
consensus tree and to determine the posterior probabilities.The consensus trees were drawn in 
MrBayes 3.1.2.. Each run was performed twice and consensus trees were compared.  
PCR-based lineage-discriminative assays 
Based on the data from the multilocus phylogenetic analysis of a subset of isolates, two types of 
molecular assays were developed to differentiate the recognized phylogenetic lineages. Firstly, a 
PCR-RFLP protocol based on a polymorphism in the TUB gene was developed to allow fast 
discrimination between the genetic lineages. The TUB PCR amplicons were generated as described 
above. Non-purified PCR product (20 µL) was restricted with FastDigest NotI enzyme (Fermentas) 
following the manufacturer’s recommendations. The restriction fragments were separated and 
visualized on a 1.5% agarose gel. The reliability and reproducibility of the developed TUB-RFLP was 
tested in duplicate on a selection of five isolates of each lineage (Appendix 1, isolate set c), of which 
the genetic background was confirmed by nucleotide sequencing of  partial ITS, TUB, H3 and CAM 
sequences. This PCR-RFLP assay was used to designate all isolates of the working collection to the 
correct recognized lineage (Appendix 1). 
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In addition to the PCR-RFLP assay, several lineage-discriminative real-time PCR assays based on 
TaqMan technology were developed based on single-nucleotide polymorphisms (SNPs) that correlate 
with the two identified lineages. Candidate primer pairs and TaqMan probes for the assays were 
selected in the TUB, H3 and CAM genes through manual inspection of the target sequence 
alignments. Several lineage-specific primer-probe combinations were tested for sensitivity and 
specificity via amplification of 10-fold dilution series of gDNA (106 to 102 fg) of lineage-representative 
C. buxicola isolates, both in simplex and multiplex. As a reference, the dilution series were 
simultaneously tested using F494/MGB539/R621,an ITS-based non lineage-discriminative real-time 
PCR assay for C. buxicola (See Chapter 4). The primers were synthesized by Isogen Life Science; the 
TaqMan probes were synthesized by Life Technologies. The real-time PCR reactions were performed 
in 25 µL volumes containing gDNA, 0.3 µM of each primer, 0.2 µM TaqMan probe and 1x Probe/ROX 
real-time PCR Master Mix (Fermentas). Amplification and detection of fluorescence were performed 
in Framestar 96 semi-skirted PCR plates with black frames and white wells (4titude, Surrey, United 
Kingdom) using an ABI Prism 7900 HT (Life Technologies). The thermocycling profile for the real-time 
PCR reactions consisted of 2 min preheating at 50°C, 10 min denaturation at 95°C, followed by 40 
cycles of 15 s denaturation at 95°C and 60 s annealing/extension at 60°C. No-template control (NTC) 
reactions were included. The manufacturers’ Sequence Detection System (SDS) (Life Technologies) 
was used to generate the amplification curves for each reaction. The Cq values were determined at a 
threshold fluorescence signal ΔRn = 0.1. 
2.2.4 Phenotypic characterization 
Morphological diversity 
A conidial suspension was prepared from four isolates of each lineage (Appendix 1, isolate set d), 
using three replicate plates. The lengths and widths of 50 arbitrarily chosen conidia and the stipe 
lengths and vesicle widths of 30 arbitrarily chosen conidiophores were microscopically measured at 
1000x optical magnification using Leica Application Suite 4.0.0. (Leica Biosystems Ltd., Wetzlar, 
Germany). Only conidiophores that included a terminal vesicle, a stipe extension, and at least one 
fertile branch were considered intact and hence reliable for measurements. Data were statistically 
analyzed using Student’s T-tests in STATISTICA 11 (Statsoft, Tulsa, OK, United States). 
In vitro linear growth and sporulation 
The linear daily growth rate of four C. buxicola stains of each lineage (Appendix 1, isolate set e) was 
examined at 3.0, 6.0, 8.0, 12.5, 14.5, 16.0, 20.0, 25.0, 28.0 and 31.0°C. Agar plugs (4 mm diameter) 
were collected from the periphery of actively growing PDA cultures (7 days, 20°C) and placed 
centrally on PDA medium in 90 mm Petri dishes. Three replicate plates per isolate and temperature 
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were incubated for 10 days. The diameters of each colony were measured in perpendicular directions 
and the mean daily radial growth rate was calculated. In addition, PDA cultures of all C. buxicola 
isolates were simultaneously incubated at both 25 and 28°C (two replicates per temperature), the 
colony diameters were measured after 10 days of incubation and for each isolate the ratio of growth 
at 28°C to 25°C (28/25°C ratios) calculated.  
The in vitro sporulation of three or four C. buxicola isolates of each lineage (Appendix 1, isolate set f) 
was examined at 18.0°C, 21.1°C and 23.2°C. Agar plugs (4 mm in diameter) were collected from the 
periphery of actively growing PDA cultures (7 days, 20°C) and placed centrally on PCA medium in 90-
mm Petri dishes. For each combination of isolate and temperature, five non-sealed replicate PCA 
plates were incubated for 14 days under near-UV light. Ten 8-mm diameter agar plugs (two from 
each replicate plate, next to and on opposite sides of the central plug) were sampled and collected in 
a 2 mL eppendorf tube, for a total of three replicate microcentrifuge tubes per combination of isolate 
and temperature. One mL of 0.1% Tween 20 was added to each tube and the tubes were then 
vortexed. Conidial concentrations were determined using a haemocytometer.  
Temperature-dependent growth and sporulation data of the lineages was transformed to cumulative 
distribution data and compared using a least squares regression model based on the exponential 
response curve model of Neter et al. (1985). The 28/25°C ratios were arcsine square root 
transformed and the difference between lineages tested using a Student’s T-Test. All analyses were 
conducted in STATISTICA11. 
In vitro fungicide susceptibility 
The following fungicides were tested for their in vitro growth inhibition effect against two isolates 
from each lineage (Appendix 1, isolate set h): tetraconazole (Eminent; Isagro S.p.A.), kresoxim-methyl 
(Candit; BASF), azoxystrobin (Ortiva; Syngenta Crop Protection), pyraclostrobin (Comet; BASF), 
trifloxystrobin (Flint 50 WG; Bayer CropScience), difenoconazole (Geyser; Syngenta Crop Protection), 
spiroxamine (Impulse; Bayer CropScience), fenhexamid (Teldor; Bayer CropScience), propiconazole 
(Tilt; Syngenta Crop Protection), fenpropidin (Mildin; Syngenta Crop Protection), tebuconazole 
(Horizon EW; Bayer CropScience), fenpropimorph (Corbel; BASF), imazalil (Fungaflor; BASF), 
azoxystrobin + cyproconazole (Priori Xtra; Syngenta Crop Protection) and myclobutanil (Systhane 20 
EW; Agroscience).  
Agar plugs (4 mm diameter) were collected from the periphery of actively growing PDA cultures (7 
days, 20°C) of two isolates from each recognized lineage (Appendix Table 1, isolate set i) and placed 
centrally on PDA plates amended with fungicides to 0, 0.001, 0.01, 0.1, 1, 10 or 100 ppm of the active 
ingredient. Three replicate plates per isolate, fungicide and test concentration were incubated for 10 
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days (20°C). For the fungicide Priori Extra, the tested concentrations were calculated in reference to 
the active ingredient azoxystrobin. When testing fungicides containing a strobilurin, the plates were 
also amended with 100 ppm salicylhydroxamid acid (SHAM) (Sigma-Aldrich) to inhibit the alternative 
respiration pathway. Fungal growth was assessed as described for the linear growth experiment. 
Additional concentrations of the fungicides tetraconazole (2 and 5 ppm) and kresoxim-methyl (20 
and 50 ppm) were tested to determine the optimal concentration for discriminating the lineages 
based on their differential fungicide responses. Eventually, two replicate cultures of each isolate 
were simultaneously grown at 20°C on PDA (with and without 100 ppm SHAM) and on PDA amended 
with the discriminative concentrations of kresoxim-methyl (+100 ppm SHAM) and tetraconazole.  
Growth data were transformed to inhibition percentages and the fungicide concentration values to 
log values. The fungicide concentration at which mycelial growth was inhibited by 50% (EC50) was 
calculated for each isolate-fungicide combination using a least squares regression model based on 
the log-dose response curve model of Neter et al. (1985) using STATISTICA 11 (Statsoft).  
In vivo assays: virulence, aggressiveness and fungicide susceptibility 
A total of 37 Buxus cultivars were selected to compare the virulence of different C. buxicola isolates. 
Cultivar selection was based on economical importance and genetic and morphologic diversity (Van 
Laere et al., 2011). All plant material was obtained from Herplant BVBA (Beerse, Belgium). The 
experiments were performed at least six months after the last fungicide application. Conidial 
suspensions of five C. buxicola isolates (of which four were designated to the dominant lineage) 
(Appendix 1, isolate set g) were generated as described above, with the addition of a filtration step 
using a 125 µm sieve (Fritsch, Idar-Oberstein, Germany). Per isolate and host, four replicates  of two 
two-year-old plants (size container P9) were tested in a randomized block design. Test plants in a 
50% tray occupation were spray-inoculated from above with 100 mL m-2 freshly harvested conidial 
suspension (2 x 104 conidia mL-1) using a pressurized spray bottle (Super Star 1.25, Birchmeier 
Sprühtechnik AG, Stetten, Germany). Two control plants per cultivar, sprayed with sterile water, 
were used as negative controls. The inoculated or water-sprayed plants were immediately placed in 
plastic tunnels (four replicate tunnels for the inoculated plants, each containing two plants per 
testing combination; 1 separate tunnel for the negative control plants) in a greenhouse on top of wet 
capillary textile matting, and incubated for 10 days under near 100% humidity and temperatures 
ranging from 15.5°C to 20.5°C during the trial. For each test plant, the % diseased leaves was 
determined (leaves with lesion presence / total number of leaves), and arcsine square root 
transformed prior to statistical analysis. The general size of the leaf lesions observed on each plant 
were estimated by visually determining the most commonly found lesion size class (lesion size 
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classes: 0-1, 1-2, 2-3, 3-4, 4-5, 5-6 mm). Based on these classes, an absolute value (0.5, 1.5, 2.5, 3.5, 
4.5 and 5.5 mm respectively) was used for the calculations of mean lesion diameters. The cultivar-
isolate interactions (both % diseased leaves and lesion size) were  statistically tested by factorial 
analysis of variance (ANOVA) in STATISTICA 11. 
 The aggressiveness and the in vivo fungicide susceptibility against the fungicides tetraconazole and 
kresoxim-methyl were determined for four isolates of each lineage (Appendix 1, isolate set i). They 
were tested on 3-year-old B. sempervirens ‘Suffruticosa’ plants. Plants were preventively sprayed 
(1000 L ha-1) with water (‘untreated’: postive control) or registered rates of Eminent (75 mL 100 L-1 ; 
active ingredient (a.i.) tetraconazole) or Candit (100 g 100 L-1 ; a.i. kresoxim-methyl) (180 plants per 
treatment). One day after spraying with water or fungicides, all test plants were divided into nine 
sets of 60 plants (20 plants per treatment) and randomized in a 50% tray occupation. Eight of those 
sets were each spray-inoculated with the conidial suspension of a C. buxicola isolate, as described 
above for the virulence assays. The plants of the ninth set were sprayed with sterile water, serving as 
negative controls. Plants were incubated for 10 days in a randomized block design (four replicate 
tunnels, each containing five plants per testing combination) as described above. For each replicate, 
the mean % diseased leaves was determined for each test combination and arcsine square root 
transformed prior to statistical analysis. Within each treatment, the percentages of diseased leaves 
were compared between lineages using a two-way ANOVA in STATISTICA 11. 
Sexual compatibility tests 
Six representative isolates of each lineage (Appendix 1, isolate set j) originating from various 
geographic locations were combined pairwise on nutrient media to evaluate the formation of 
perithecia and ascospores. Combinations of two 4-mm-diameter agar plugs from each isolate were 
removed from the periphery of actively growing PDA cultures (7 days, 20°C) and placed in opposite 
quadrants close to the edge of new PDA and PCA plates. In addition, isolates were combined with 
themselves to determine if they were homothallic. Sterile toothpicks were placed on the surface of 
the agar in-between the plugs to promote perithecia development (Lombard et al., 2010a). Based on 
Henricot & Culham (2002) the plates were sealed with Parafilm and stacks of eight plates were 
placed in closed plastic bags. Plates were incubated under near-UV light at 22°C for three months 
and evaluated every two weeks for the presence of (proto)perithecia. In addition to this controlled 
experiment, we have also observed old cultures from most experiments and from isolate 
maintenance over the past four years for the presence of (proto)perithecia.  
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2.3 Results 
2.3.1 Genotypic characterization 
AFLP 
Primer pair (6FAM-E00-GG) + (M00+CC) was selected for AFLP analysis of the larger set of 83 C. 
buxicola isolates and the three outgroup Cylindrocladium species because it had yielded the largest 
number of polymorphic fragments in the preliminary assays. A total of 99 AFLP fragments were 
generated that could be scored unambiguously, of which 41 were present in at least one C. buxicola 
isolate. Within the 83 C. buxicola isolates, two phylogenetic clades were clearly differentiated with a 
similarity value of 66%, which were designated G1 (72/83) and G2 (11/83) (Figure 2.1). Of the 41 C. 
buxicola fragments, 27 (65.9%) were observed in both clades, 9 (22.0%) were specific for the G1 
clade and 5 (12.1%) for the G2 clade. Within the G1 and G2 clades, the number of polymorphic 
fragments was 3 and 1, respectively. 
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Figure 2.1 Optimal neighbor-joining tree based on AFLP analysis of 83 Cylindrocladium 
buxicola isolates from 10 countries and demonstrating the identification of a second lineage. 
The tree is drawn to scale, with branch lengths measured in genetic distance (Jaccard index). 
Isolate details are provided in Appendix 1.  
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Multilocus phylogeny 
The ITS, TUB, CAM and H3 regions of 28 C. buxicola isolates were successfully PCR-amplified and 
sequenced. Despite multiple attempts, no PCR amplification was observed with 12 out of 28 isolates 
when trying to amplify the HMG domain in the HMG-MAT1-2-1 locus. All ITS, TUB, CAM and H3 
sequences were deposited in GenBank and the accession numbers are listed in Table 2.1.  
No significant conflicts were observed between the maximum likelihood trees of the individual 
datasets of the ITS, TUB, H3 and CAM loci on a 70% bootstrap support level (data not shown). With 
the goal of improving the phylogenetic resolution, we combined these single-locus datasets into a 
single alignment for combined analysis, for a total of 1837 nucleotide sites. Based on the BIC value, 
the combined dataset was inferred using the Kimura 2-parameter model (Kimura, 1980). A discrete 
Gamma distribution was used to model evolutionary rate differences among sites. The phylogenetic 
tree with the highest log likelihood inferred by ML analysis of the combined ITS, TUB, CAM and H3 
sequences is presented in Figure 2.2. The BI analyses resulted in tree topologies identical to the one 
obtained by ML analysis. The replicate runs converged on congruent trees, suggesting that 
entrapment in local optima did not occur. The percentage of ML trees in which the associated taxa 
clustered together (bootstrap values) and the Bayesian posterior probabilities are shown next to the 
branches. The consensus tree shows two major clades supported by very high bootstrap (98) and 
posterior probability (1.00) values. These clades are concordant with the G1 and G2 clades that were 
based on the AFLP data. No polymorphisms were found between the ITS, TUB, CAM and H3 
sequences of isolates of the same clade. However, 11 SNPs were found between G1 and G2 isolates 
when comparing the TUB (2/11), CAL (2/11) and H3 (7/11) sequences. Of these 11 SNPs, two were 
located in exon regions (H3 locus), but do not cause an amino acid substitution. No polymorphisms 
were observed in the ITS region. All of the isolates in which PCR amplification of the HMG-MAT1-2-1 
region failed belonged to the G2 clade.  
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Table 2.1 ITS, β-tubulin (TUB), Calmodulin (CAM), Histon H3 (H3) gene sequences used for multigene phylogeny 
 
a
 Several genes of this isolate have been sequenced and submitted to Genbank (Lombard et al., 2010a). The ITS, TUB and 
CAM sequences obtained for this isolate in our study did not match the ones in Genbank, however, and were resubmitted 
for this reason. 
 
Species Strain code ITS TUB CAM H3
Sequenced and deposited in GenBank
Cylindrocladium buxicola 41665 KF815109 KF815122 KF815152 KF815180
Cylindrocladium buxicola 10-2117 KF815098 KF815119 KF815145 KF815173
Cylindrocladium buxicola 11-353-4 KF815104 KF815136 KF815162 KF815190
Cylindrocladium buxicola 11-416-11 KF815105 KF815125 KF815149 KF815177
Cylindrocladium buxicola 11-526 KF815106 KF815137 KF815163 KF815191
Cylindrocladium buxicola Bdv B/52-3878 KF815108 KF815127 KF815151 KF815179
Cylindrocladium buxicola CA001 KF815096 KF815117 KF815143 KF815171
Cylindrocladium buxicola CB002 JX535321 JX535307 KF815140 KF815168
Cylindrocladium buxicola CB018 KF815091 KF815123 KF815153 KF815181
Cylindrocladium buxicola CB041 KF815092 KF815129 KF815156 KF815184
Cylindrocladium buxicola CB045 JX535322 JX535308 KF815157 KF815185
Cylindrocladium buxicola CB051 KF815093 KF815115 KF815141 KF815169
Cylindrocladium buxicola CB098 KF815095 KF815130 KF815158 KF815186
Cylindrocladium buxicola CB-KR001 HM749646 KF815118 KF815144 KF815172
Cylindrocladium buxicola CBS 114417a KF815094 KF815116 KF815142 KF815170
Cylindrocladium buxicola DE017 KF815102 KF815131 KF815159 KF815187
Cylindrocladium buxicola ES001 KF815107 KF815126 KF815150 KF815178
Cylindrocladium buxicola FW3487 KF815103 KF815121 KF815147 KF815175
Cylindrocladium buxicola JKI 2106 KF815100 KF815132 KF815160 KF815188
Cylindrocladium buxicola JKI 49/05 KF815099 KF815120 KF815146 KF815174
Cylindrocladium buxicola NL009 KF815111 KF815134 KF815164 KF815192
Cylindrocladium buxicola P-10-5829 KF815101 KF815133 KF815161 KF815189
Cylindrocladium buxicola PD 05/02553081 KF815110 KF815135 KF815165 KF815193
Cylindrocladium buxicola RHS 189628 KF815112 KF815138 KF815166 KF815194
Cylindrocladium buxicola RHS 193201.2 KF815113 KF815128 KF815154 KF815182
Cylindrocladium buxicola RHS 196840 KF815114 KF815139 KF815167 KF815195
Cylindrocladium buxicola RHS PT25 JX535323 JX535309 KF815155 KF815183
Cylindrocladium buxicola STE-U 3399 KF815097 KF815124 KF815148 KF815176
Retrieved from GenBank
Cylindrocladium multiphialidicum CBS 112678 GQ280597 AY725628 AY725761 AY725673
Cylindrocladium naviculatum CBS 101121 GQ280600 GQ267211 GQ267399 GQ280600
Cylindrocladium naviculatum CBS 116080 GQ280599 AF333409 GQ267398 GQ280599
Cylindrocladium colhounii CBS 114704 GQ280564 DQ190563 GQ267372 DQ190638
Cylindrocladium pauciramosum CMW 30823 GQ280607 FJ918515 GQ280404 FJ918532
Cylindrocladium parasiticum CBS 190.50 GQ280605 AY725631 AY725764 AY725676
Cylindrocladiella peruviana CPC 5614 AY793459 AY725653 AY725775 AY725700
GenBank accession codes
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Figure 2.2 ML phylogenetic tree of four combined DNA sequences (ITS, TUB, H3, CAM) for a selection of Cylindrocladium 
species (Table 2.1). The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. 
Bootstrap support values for ML (bottom) and Bayesian posterior probabilities presented as percentages (top) are 
displayed at the corresponding branch. C. peruviana isolate CPC 5614 was used as the outgroup species.  
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PCR-based lineage-discriminative assays 
The TUB sequence-based PCR-RFLP assay (TUB-RFLP) was applied to five G1 and five G2 isolates and 
resulted in perfect G1–G2 discrimination in two replicate tests. PCR amplification yielded TUB 
fragments of 623 bp.  These amplicons were undigested by NotI in the G1 isolates, but produced 2 
bandes in G2 isolates of 126 and 497 bp (Figure 2.3). All isolates of the working collection were 
screened using this TUB-RFLP (Appendix 1). G1 isolates (85.3%) were more prevalent than G2 isolates 
(14.7%). The results were consistent for the isolates tested by the other methods.  
 
 
 
 
 
 
 
 
 
 
 
Of all lineage-specific primer-TaqMan probe combinations preliminary tested, the assays H3-G1 
(H3—G1F/TaqMan/R) and H3-G2 (F/TaqMan/R) (Table 2.2 top) resulted in the highest sensitivity and 
specificity (data not shown). Both assays target the same three polymorphisms in the H3 gene, each 
primer or probe targeting one specific lineage-discriminative polymorphism. The simplex assays H3-
G1 and H3-G2 demonstrated 100% specificity for G1 or G2 DNA, respectively, combined with high 
PCR amplification efficiencies (Table 2.2 bottom). To test the possibility of multiplexing these assays, 
the H3-G1 and H3-G2 TaqMan probes were labeled with different dyes (TET and 6-FAM, 
respectively). The multiplex assay was not 100% specific for G1 or G2 DNA, as both TET and 6-FAM 
labeled amplification products were simultaneously generated. However, discrimination between G1 
and G2 DNA was still possible, as the lineage-specific amplification curve (TET-signal for G1, 6-FAM-
signal for G2) emerged 1.5 Cq earlier than the non-specific amplification product (data not shown) .  
Figure 2.3 PCR-RFLP gel electrophoresis test results using the PCR amplified β-tubulin amplicon and FastDigest NotI. β-
tubulin PCR product restricted with NotI of 5 G1 and 5 G2 isolates was added in consecutive lanes B-F and G-K respectively. 
Lanes A and L contained Thermo Scientific O'RangeRuler 100bp DNA Ladder (Thermo Scientific). The test allows 
discrimination between the lineages based on the restriction of the 623 bp β-tubuline to a 497 and 126 bp fragment solely 
observed with G2 isolates.  
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Code Location Sequence (5' to 3') 
Real-time PCR primers               
F494 ITS CGTCATTTCAACCCTCAA 
R621 ITS GGTGTATTACTACGCAGAG 
H3-G1-F H3 CACGGACCTATTTGTGTTAGA 
H3-G1-R H3 CATCCGCAAGCTTCCA 
H3-G2-F H3 CGGACCTGTTTGTGTTAGG 
H3-G2-R H3 CATCCGCAAGCTTCCG 
                
Real-time TaqMan 
probes               
MGB539 ITS 6-FAM - ATCGGCAGAGCGTCCT - MGB 
H3-G1-TaqMan H3 TET - CGGTATGCAATCGTTTATTGTGTACTTACAAGG - ZEN/IBFQ 
H3-G2-TaqMan H3 6-FAM - CGGTATGCAATCGTTGTATTGTGTACTTACAAG - ZEN/IBFQ 
                
 real-time PCR assay 
G1 isolate (CB002)    G2 isolate (CB041) 
a b R2   a b R2 
F494/MGB539/R621 -3.40 39.43 0.9998   -3.40 39,99 0,9979 
H3-G1 -3.29 45.28 0.9981   No amplification 
H3-G2 No amplification   -3.36 46.04 0.9996 
 
Table 2.2 Characteristics of the real-time PCR amplification curves [Ct value = a × log(fg gDNA) + b] for the C. buxicola-
specific ITS-based real-time PCR assay (F4954/MGB539/R621)) and the G1/G2 lineage-discriminative real-time PCR assays 
with the regular probes H3-G1 and H3-G2 when tested with gDNA from a G1 or G2 isolate. 
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2.3.2 Phenotypic characterization 
Morphological diversity 
Conidia of both G1 and G2 isolates were cylindrical, rounded at both ends, straight, hyaline, uni-
septate and the vesicles were clearly naviculate. No significant differences were observed between 
G1 and G2 isolates regarding conidium length (mean ± stdev = 63.9 ± 2.3 µm versus 62.5 ± 1.4 µm, 
respectively; P = 0.40), conidium width (6.1 ± 0.05 µm versus 6.0 ± 0.2 µm; P = 0.68,), stipe length 
(142.4 ± 5.9 µm versus 133.7 ± 10.4 µm; P = 0.19) or vesicle width (7.1 ± 0.1 µm versus 7.1 ± 0.1 µm; 
P = 1.00).  
In vitro growth and sporulation 
The results of the in vitro linear growth determination are presented in Figure 2.3A. No growth was 
observed at temperatures of 3.0°C and 31.0°C, while optimal growth was observed at 25.0°C for all 
isolates tested. The average growth curves of G1 and G2 isolates were not significantly different at 
temperatures lower than 20.0°C (P = 0.55), but became significantly different at temperatures higher 
than 20.0°C (P = 0.02). At those higher temperatures, average growth rates (± stdev) of G2 isolates 
(20°C: 2.63 ± 0.04 mm day-1; 25°C: 3.54 ± 0.13 mm day-1, 28°C: 1.74 ± 0.16 mm day-1) are higher than 
those of G1 isolates (20°C: 2.42 ± 0.02 mm day-1; 25°C: 2.80 ± 0.08 mm day-1, 28°C: 0.45 ± 0.02 mm 
day-1). G1 isolate RHS 43773 was excluded from the growth rate calculations, because its lower 
growth rate was considered an effect of a critical mutation during isolate maintenance (growth rates 
were comparable at the time we obtained the isolates). In addition to the lower growth rate, colony 
morphology of the G1 isolates at 28°C was highly irregular and fully sclerotized, without the typical 
white mycelium at the leading edge. In contrast, at 28°C, G2 isolates still demonstrated similar colony 
morphologies to those observed at lower temperatures. To test whether this difference in 
thermotolerance can be used to reliably distinguish G1 and G2 isolates, growth rate ratios (28/25°C) 
for all isolates were calculated. Growth rate ratios (average ± stdev) were statistically higher (P < 
0.0001) for G2 isolates (46.6 ± 3.9 %, n=34) than for G1 isolates (13.4 ± 3.1%, n=198).  
The temperature-dependent in vitro sporulation is presented in Figure 2.3B. In vitro sporulation was 
maximal at 18°C and decreased with increasing temperature for all isolates tested, with the 
exception of isolate CB041. There was a statistically significant difference in the temperature-
dependent sporulation curves between the genetic lineages (P = 0.002). Although the mean in vitro 
sporulation rates (± stdev) of G1 and G2 isolates were still comparable at 18.0°C (13.57 ± 2.30 x 104 
conidia cm-² versus 13.96 ± 2.60 x 104 conidia cm-², respectively), sporulation of G1 isolates 
decreased faster with increasing temperatures (mean sporulation at 23.2°C / at 18.0°C : 42.9 ± 14.4 
%, n=3) compared to the sporulation observed with G2 isolates (23.2°C / 18.0°C: 89.0 ± 9.1 %, n=4). 
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Figure 2.3 Temperature-dependent in vitro linear growth rate (mm day
-1
) (a) and sporulation (10
4
 conidia cm
-
² colony surface) (b) of 
Cylindrocladium buxicola-G1 (full lines) and G2 isolates (dashed lines). G1 isolates demonstrate lower thermotolerance than G2 isolates for both 
linear growth rate and sporulation. 
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In vitro fungicide susceptibility 
Table 2.3 shows the EC50 values of 14 commercial fungicide products against two isolates of each 
lineage. Statistically significant differences between the lineages were observed with the active 
ingredients tetraconazole, kresoxim-methyl and trifloxystrobin. G2 isolates were less susceptible to 
tetraconazole and kresoxim-methyl than G1 isolates at all concentrations tested. Although EC50 
values for trifloxystrobin are higher for G1 isolates than for G2 isolates, G1 isolates demonstrate 
higher fungicide susceptibility than G2 isolates at higher concentrations tested (10-100 ppm). 
Inhibition percentages (± stdev) at maximum concentration tested (100 µg a.i. mL-1) were 0.77 ± 
0.01% and 0.55 ± 0.02% for the G1 and G2 isolates, respectively. 
Although not statistically significant when taking all concentrations into account, small but clear 
visual differences in growth rate (G2 > G1) were also observed at some concentrations of the 
morpholines fenpropimorph and fenpropidin and the DMI-fungicides imazalil, propiconazole and 
cyproconazole. 
Based on detailed dose-response analyses with kresoxim-methyl and tetraconazole in the G1 
isolates, EC100 values were between 5 and 10 µg mL
-1 and between 1 and 2 µg mL-1, respectively. By 
contrast, the four tested G2 isolates at were able to grow at concentrations of 10 µg a.i. mL-1 
kresoxim-methyl and 2 µg a.i. mL-1 tetraconazole. This illustrated the potential for fungicide-based 
lineage-discriminative assays at these concentrations. Validation of these assays on 232 G1 isolates 
and 34 G2 isolates (as determined by the TUB-RFLP) confirmed this potential: no growth was 
observed on the fungicide-amended plates for any of the G1 isolates while the average growth of the 
G2 isolates (±stdev) was still 33.3 ± 7.7% for tetraconazole and 44.2 ± 11.0% for kresoxim-methyl 
relative to the growth on the fungicide-free control plates. 
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Fungicide (a.i.) FRACb CB002 CB018 CB041 CB045
kresoxim-methyl 11 0.10 (0.05-0.19) 0.14 (0.03-0.72) NA (33.33 ± 8.49 %) NA (15.79 ± 3.46 %) <0.001
trifloxystrobin 11 0.18 (0.03-1.18) 0.19 (0.02-2.07) 0.07 (0.01-1.04) 0.08 (0.00-3.03) 0.027
d
tetraconazole 3 0.31 (0.27-0.35) 0.39 (0.35-0.43) 3.15 (0.25-40.39) 3.89  (0.16-93.33) 0.046
azoxystrobin + cyproconazole 11 + 3 0.22 (0.16-0.30) 0.28 (0.21-0.35) 0.67 (0.11-4.03) 0.48 (0.20-1.14) 0.100
fenpropidin 5 2.51 (0.83-7.56) 3.56 (1.56-8.13) 10.14 (3.10-33.24) 2.31 (0.54-12.53) 0.164
propiconazole 3 0.05 (0.05-0.06) 0.06 (0.06-0.07) 0.13 (0.12-0.14) 0.13 (0.12-0.14) 0.175
imazalil 3 0.13 (0.08-0.17) 0.13 (0.10-0.16) 0.63 (0.49-0.80) 0.67 (0.53-0.85) 0.292
fenpropimorph 5 0.20 (0.17-0.22) 0.26 (0.11-0.63) 0.89 (0.04-19.25) 1.00 ± (0.13-8.37) 0.292
myclobutanil 3 0.25 (0.23-0.27) 0.23 (0.20-0.24) 0.28 (0.26-0.32) 0.29 (0.27-0.33) 0.398
azoxystrobine 11 1.87 (0.87-3.99) 1.48 (0.88-2.50) 0.75 (0.52-1.08) 0.83 (0.52-1.35) 0.491
fenhexamid 17 31.19 (28.65-33.97) 45.52 (20.15-102.84) 8.67 (4.34-13.75) 11.44 (10.10-12.95) 0.528
pyraclostrobin 11 0.13 (0.08-0.20) 0.11  (0.05-0.26) 0.03 (0.03-0.04) 0.05 (0.03-0.07) 0.610
tebuconazole 3 0.15 (0.01-0.15) 0.15 (0.14-0.16) 0.12 (0.07-0.23) 0.14 (0.06-0.35) 0.614
spiroxamine 5 3.43 (2.87-4.09) 4.12 (3.03-5.62) 3.12 (2.86-3.40) 2.82 (2.15-4.58) 0.708
EC50 (95 CI) 
a
G1-G2c
G1 strains G2 strains
 
 
 
 
 
 
 
 
 
a
 Fungicide concentrations (µg a.i. mL
-1
) at which mycelial growth was inhibited by 50% (EC50) with their 95% confidence intervals (CI) for each isolate-fungicide combination; NA indicates that 
EC50 could not be calculated as growth inhibition was lower than 50% at maximum concentration tested (100 µg a.i. mL
-1
). In these cases the inhibition percentages (± stdev) at maximum 
concentration tested (100 µg a.i. mL
-1
) were given between parentheses. 
b
 According to the Code list 2012, published by the Fungicide Resistance Action Committee (FRAC)
 
c
 P-values stating the statistical significance of the differences between the log-dose inhibition curves of lineages G1 and G2, estimated using a log-dose regression model. P-values < 0.05 were 
considered statistically significant. Fungicides were sorted based on ascending P-value.
 
d
 Although EC50 values were estimated higher for G1 isolates than for G2 isolates, G1 isolates demonstrated higher fungicide susceptibility at higher concentrations tested (10-100 ppm) than 
G2 isolates. Inhibition percentages (± stdev) at maximum concentration tested (100 µg a.i. mL
-1
) were 0.77 ± 0.01% and 0.55 ± 0.02% for the G1 and G2 isolates, respectively. 
Table 2.3 Inhibition of in vitro mycelial growth (EC50) of Cylindrocladium buxicola isolates of the G1 and G2 lineage when exposed to various fungicides. 
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In vivo assays: virulence, aggressiveness and fungicide susceptibility 
On the untreated control plants in the in vivo fungicide susceptibility experiment, average 
percentages of diseased leaves (± stdev) of 39.59 ± 4.44% and 43.01 ± 2.94% were observed for 
plants inoculated with G1 and G2 isolates, respectively (Figure 2.5). These percentages did not differ 
significantly (P = 0.25), indicating the absence of important differences in aggressiveness under these 
experiment conditions (daily RH of  90.3 ± 12.8 %; daily minimum,average and maximum 
temperatures of 12.4 ± 0.7°C,  16.2 ± 0.8°C and 22.8 ± 3.1°C (averages ± stdev, n.10)). 
In addition, no significant cultivar x isolate interaction was observed, both in  % diseased leaves (P = 
0.89) as in lesion size (P = 0.86) between the 37 tested Buxus cultivars and the five tested isolates 
(including G2 isolate JKI 10/07-1), indicating no differences in virulence between isolates of the G1 
lineage, and between isolates of the G1 and the G2 lineage. Without the presence of a pathogen 
effect, this specific test can be interpreted as a screening to host susceptibility under controlled 
conditions. Consequently, this data (host specific % diseased leaves and lesion sizes) will be discussed 
in Chapter 6 (Host susceptibility screenings), in relation with the screenings under practical 
conditions.  
Similar to the effects observed in vitro, the in vivo efficacy of preventive treatments with the 
fungicides Eminent and Candit were different when tested against four G1 versus four G2 isolates 
(Figure 2.4). Preventive treatments with Eminent and Candit were effective against inoculations with 
G1 isolates, significantly lowering the average percentages of diseased leaves (± stdev, n = 4) from 
39.59 ± 4.44% to 1.77 ± 0.78% (P = 0.0002) and to 1.35 ± 0.29% (P = 0.0002), respectively. These 
same preventive treatments, however, had no significant effect against inoculations with G2 isolates. 
The average percentages of diseased leaves in the control, Eminent and Candit treatments were 
43.01 ± 2.94% , 40.08 ± 3.10% (P = 0.22) and 41.96 ± 4.30% (P = 0.70), respectively. 
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Figure 2.4 Mean % diseased leaves on testplants preventively treated with water (Untreated control), or registered rates of Eminent (a.i. tetraconazole) or Candit (a.i. kresoxim-methyl), 
following inoculation with a conidial solution of four G1 or G2 C. buxicola isolates. Error bars represent standard errors (n=4). Non-transformed data is shown in this graph.  
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Sexual compatibility tests 
No (proto)perithecia were observed in the sexual compatibility tests among and between the six G1 
stains and the six G2 isolates. On two occasions orange to red-brown fruiting bodies (150-250 µm 
diameter) were observed on old cultures. Isolate CB055 (G1 lineage) yielded five agglomerated and 
deformed perithecia on a six-week old parafilm-sealed PDA culture, incubated at 20°C. Isolate CB077 
(G2 lineage) yielded multiple solitary perithecia on a B. sempervirens leaf, incubated for three weeks 
at 20°C on PDA medium in a parafilm-sealed Petri dish. Microscopic analysis revealed that these 
perithecia did not contain asci or ascospores. To confirm that these fruiting bodies were indeed the 
teleomorph stage of C. buxicola, 18 individual perithecia (isolate CB077) were collected, surface-
sterilized for 30 s in a 1% sodium hypochlorite solution, washed twice with water, and plated on PDA. 
All yielded C. buxicola colonies. However, attempts to reproduce the production of perithecia under 
the same circumstances failed.  
2.4 Discussion and conclusions 
In this chapter, we aimed to characterize genetic and phenotypic variation in an international 
collection of 232 boxwood blight-causing isolates, in order to assess the possible practical 
implications for the control of box blight disease. First, we determined the genetic diversity in a 
selection of isolates by AFLP and multi-locus sequencing, and recognized possible additional 
phylogenetic species. Second, we developed discriminative assays (PCR-RFLP and real-time PCR) to 
differentiate between different lineages. The PCR-RFLP assay was used to assign all isolates in the 
collection to the recognized phylogenetic lineage. Third, we compared a small selection of isolates of 
each lineage in terms of sexual compatibility, morphology, physiology, fungicide susceptibility and 
pathogenicity (virulence and aggressiveness), to assess the possible impact on the practical control of 
box blight disease. 
In 2002, Henricot & Culham determined the genetic diversity in a population of 17 UK and one NZ C. 
buxicola isolates. At that time, these were the only countries where C. buxicola had been officially 
reported. The isolates were genetically homogenous and considered to be a clonal population. Since 
then, C. buxicola has been officially confirmed in nearly 20 countries. It was unclear if all these 
observations were caused by international movement of one clonal lineage, or if additional 
introduction(s) from an unknown centre of origin have occurred during the past decade, as was the 
case for Phytophthora ramorum (Grunwald et al., 2012; Van Poucke et al., 2012). To address this, we 
determined the genetic diversity in a larger international collection of C. buxicola isolates using AFLP. 
Thirteen of the original 18 isolates tested by Henricot & Culham (2002) were included in this study. 
They yielded AFLP profiles that were monomorphic and belonged to the G1 clade, confirming the 
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genetic homogeneity of the UK and NZ isolates during the period 1998-2000. However, when 
examining the larger and more recent population, two genetically distinct lineages, designated G1 
and G2, were easily differentiated. Of the 41 fragments generated with a single selective primer pair, 
14 were unique for the two lineages, illustrating a substantial evolutionary distance. Within each 
genetic lineage, the isolates were genetically homogeneous using the methods prescribed. More 
extensive AFLP or SSR analyses might reveal more genetic diversity, but the level of this should be 
proportionally much smaller than the level observed between the lineages.  
The multilocus sequencing strongly supported the AFLP data. No sequence differences were 
observed within each lineage, but 11 polymorphisms (on a total of 1837 bp) were confirmed 
between the G1 and G2 isolates. The data  indicate recent introduction of two genetically different 
exotic isolates, each displaying near-clonal reproduction. The two lineages satisfy the genealogical 
concordance grouping criteria (Avise & Ball, 2014; Dettman et al., 2003; Taylor et al., 2000). Although 
the reciprocal monophyly of the two lineages/species may be compromised after possible future 
introductions or the identification and characterization of an endemic, well-evolved population of C. 
buxicola, for now the two lineages should be considered two distinct phylogenetic species.  
However, from a pathologist’s view it is not advisable to separate the two lineages, as both are 
causal agents of box blight disease in Buxus. As our research focused on integrated management of 
box blight disease, rather than taxonomy of the causal agents, we will not introduce the G2 lineage 
as a new phylogenetic species in this thesis. A future publication will address these taxonomic 
aspects. As the G1 lineage contains the UK and NZ isolates originally named and described in the 
literature by Crous et al. (2002) and Henricot & Culham (2002), the G1 lineage will be witheld as C. 
buxicola, while the  G2 lineage will be described as a new species.  
The ITS sequences were identical for all C. buxicola isolates, making this region and a real-time PCR 
test based on this region (Chapter 4) (Gehesquiere et al., 2013) reliable for identification of C. 
buxicola isolates to species level. The TUB, H3 and CAM genes all yielded polymorphisms (2, 7 and 2 
respectively), making them suitable for discrimination at the lineage level. A PCR-RFLP protocol was 
first developed based on a polymorphism in the TUB gene. Using this assay, 15% of all tested isolates 
were determined to be G2. This ratio should not be considered representative for the proportion of 
G2 isolates, because the tested C. buxicola population was not sampled evenly in time and space and 
the data suggest both of these factors play an important role in its distribution (See Chapter 3 for 
population dynamics).  
Although there is no proof of more than two independent introductions at this moment, the 
hypothesis that more introductions have taken place, or will take place in the future, cannot be 
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excluded. Additional introductions of isolates of the G1 and G2 lineages would be especially hard to 
detect. As the endemic origin of C. buxicola remains unknown at present, the risk of new 
introductions remains. The lineage-specific PCR-RFLP and real-time PCR assays are highly effective 
tools to quickly discriminate between the G1 and G2 lineages, but are not adequate to identify new 
introductions, as they are based on a very limited number of SNPs that might not be present in other 
lineages. Nucleotide sequencing of the H3 gene, or the use of polymorphic microsatellite markers 
(see Chapter 3) may be more suited for that purpose. 
The second part of this study focused on the comparison of G1 and G2 isolates in terms of 
phenotypic diversity: sexual compatibility, morphology, physiology, fungicide susceptibility and 
pathogenicity. 
In most filamentous ascomycetes, sexual reproduction is primarily regulated by a single mating-type 
locus (MAT) (Coppin et al., 1997). The MAT locus contains one or multiple genes typically encoding 
transcription factors with DNA-binding motifs (typically HMG or α1 domains), coordinating 
expression of sex-specific genes. The organization of the genes at MAT loci, by convention referred to 
as MAT1-1 and MAT1-2 (Turgeon & Yoder, 2000), determines sexual compatibility and a self-fertile 
(“homothallic”) or a self-sterile (“heterothallic”) mating strategy (Coppin et al., 1997; Czaja et al., 
2011; Kronstad & Staben, 1997; Poggeler & Kuck, 2000). Heterothallic fungi have an idiomorphic 
organization of MAT loci, which governs recognition between mating partners and promotes obligate 
cross-fertility while homothallic species usually have MAT genes of both MAT loci present in a 
haploid genome (Coppin et al., 1997; Czaja et al., 2011; Poggeler & Kuck, 2000). However, 
homothallic species might have recruited novel regulatory elements which could potentially facilitate 
alternate expression (Coppin et al., 1997; Poggeler et al., 2011). Also, the absence of sexual 
reproduction is not always due to lack of functional mating-type sequences (Coppin et al., 1997; 
Poggeler et al., 2011). The gene composition of the MAT loci can vary greatly among species. 
However, there are two MAT genes that are consistently found in filamentous ascomycetes. MAT1-1 
always contains a gene called MAT1-1-1, encoding for a protein homologous to MATα1 of 
Saccharomyces cervisiae containing an α-box motif. MAT1-2 always contains a gene called MAT1-2-1, 
encoding for a protein with a HMG DNA-binding domain (Martin et al., 2011). 
Similar to Henricot & Culham (2002), we confirmed the presence of a MAT1-2-1 gene in all targeted 
G1 isolates. No MAT1-1 homologues were found in a recently sequenced and annotated G1 isolate 
(CB002) (data not shown). In G2 isolates, we did not succeed in amplifying a MAT1-2-1 sequence. It is 
unclear whether this is the result of absence of these regions or of substantially diverged sequences 
targeted by the primers used. A full genome sequence of a representative isolate of the G2 lineage 
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would be valuable to make reliable conclusions about the presence of a MAT locus or loci. 
Confirmation of the apparent absence of MAT1-2-1 and the presence of MAT1-1-1 homologues in G2 
isolates could indicate whether heterothallic recombination could occur in the present-day known C. 
buxicola population.  
The failure to induce mating between G1 and G2 C. buxicola isolates in this research is not in conflict 
with the possible presence of a functional heterothallic system, as other heterothallic ascomycete 
fungi, e.g., Penicillium chrysogenum, have long been considered asexual because of failure to 
produce progeny (Poggeler, 1999). It is also possible that the experiment conditions were not fit for 
mating or development of perithecia, in the case of C. buxicola. However, C. parasiticum and C. 
colhounii, which have cardinal temperatures for growth similar to C. buxicola, demonstrated 
abundant production of perithecia under the conditions used (data not shown). In addition, no 
marker recombination was observed in any isolate during AFLP and SSR analysis (see Chapter 3). 
Opportunities for recombination may very well have occurred in nurseries; isolates of both lineages 
have been confirmed simultaneously at one location. Based on these results, we consider it more 
plausible that one or both of the genetic lineages lack essential mating-type genes or may not have 
fully functional target genes. 
Clear and reliable differences in micromorphology would permit diagnosticians to differentiate 
between G1 and G2 based on microscopic observations. The absence of fruiting bodies obliged us to 
focus on differences in morphological features of the anamorph. This is not considered problematic, 
as teleomorph morphology only allows identification of Cylindrocladium species complexes. This 
leads most of the species identification to be based on anamorph morphology (Crous, 2002). 
However, no significant morphological differences were observed between the two lineages that 
could be used for differentiation. G2 isolates had the same typical naviculate vesicles which are also 
observed in G1 C. buxicola isolates. This vesicle shape could only be mistaken with that of C. 
naviculatum, but this species has much smaller conidia (40-50 x 3-4 µm) than those of C. buxicola 
isolates (50-80 x 4-6 µm) (Crous et al., 2002). In addition, C. naviculatum also has different cultural 
characteristics, different maximum temperatures for growth and a different host range than C. 
buxicola (Crous, 2002; Crous et al., 2002).  
In contrast to the morphological homogeneity, phenotypic difference was observed in the reduced 
sensitivity of G2 isolates to a variety of structurally unrelated fungicides, as compared to G1 isolates. 
Statistically significant differences were found for a DMI fungicide and two QoI fungicides. Small 
differences were also observed with three other DMI fungicides and two morpholines. The reduced 
sensitivity of G2 isolates was not observed for all DMI fungicides (e.g., tebuconazole) or QoI 
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fungicides (e.g., azoxystrobin), indicating that this reduced sensitivity is probably not caused by 
multiple target site mutations. This phenomenon, generally known as multidrug resistance (MDR), 
has often been correlated with the activity of energy dependent plasma membrane efflux 
transporters, such as ATP binding cassettes (ABC) and major facilitator superfamily (MFS) 
transporters (Morschhauser et al., 2007; Sukhai & Piquette-Miller, 2000; Thakur et al., 2008). 
Overexpression of these transporters can result in increased export and thereby reduced sensitivity 
to a variety of drug molecules. Although the levels of tolerance observed with MDR resistance are 
normally not as high as specific resistance mechanisms (e.g., target site mutations), the reduced 
sensitivity was sufficient to cause in vivo resistance to Eminent (tetraconazole) and Candit (kresoxim-
methyl), two frequently-used commercial products against C. buxicola in Belgium. DMI and QoI 
fungicides are also used to control C. buxicola outside of Belgium, demonstrating the potential threat 
of the observed MDR of G2 isolates to the international boxwood industry.  
No significant differences in the percentages of diseased leaves were observed between the plants 
inoculated with the four G1 isolates versus the four G2 isolates (in vivo fungicide susceptibility 
experiment, Figure 2.4), indicating the absence of important differences in aggressiveness or fitness 
under these experimental conditions (daily minimum, average and maximum temperatures of 12.4, 
16.1 and 22.8°C, respectively). These experimental conditions are in the range of normal summer 
temperatures in the temperate regions of northwestern Europe. However, it cannot be excluded that 
significant differences in disease development between G1 and G2 isolates would be observed under 
higher average temperatures, due to the observed higher thermotolerance of G2 isolates.   
A second phenotypic difference observed between the two lineages was the relative 
thermotolerance of G2 isolates, expressed in both larger in vitro growth rates and sporulation at 
higher temperatures. However, this phenotype could possibly be causally linked to the observed 
MDR as a result of increased activity of membrane efflux transporters. Numerous stress-evolving 
stimuli, including cellular exposure to high temperatures, have been reported to alter gene 
expression of the MFS transporter mdr1 (Sukhai & Piquette-Miller, 2000) or the ATP transporter P-
Glycoprotein (PGP) (Venetianer et al., 1994), two transporters already linked with MDR 
(Morschhauser et al., 2007; Sukhai & Piquette-Miller, 2000). Development of MDR as a result of 
selection for thermotolerance (before introduction to Europe), rather than prolonged contact with 
fungicides (after introduction), could explain the absence of a number of G2 isolates with comparable 
susceptibility to these fungicides as the G1 isolates. If an increased activity of efflux transporters is 
indeed causing both MDR and thermotolerance, G2 isolates may be considered more stress-tolerant 
in general. The observed thermotolerance of G2 isolates allows for easy, fast and reliable visual 
discrimination even without the need for measurements and ratio calculation. There were no 
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discrepancies between the TUB-RFLP genotyping results and the thermotolerance-based genotyping 
results, demonstrating the thermotolerance-based assay to be a reliable, easy and cheaper (albeit 
slower) alternative for discrimination of the G1 and G2 lineages.  
In several fungi, sets of pathogen genotypes (pathotypes or physiological races) can be observed that 
differ in their ability to attack certain genotypes of a host species, an ability known as the virulence of 
a pathogen (Brading et al., 2002; De Backer, 2012; Kema et al., 2000; Peyyala & Farman, 2006). The 
presence of these pathotypes can be explained by the gene-for-gene concept as described by Flor 
(Flor, 1956). Although only a small number of G1 isolates and one G2 isolate were tested, we 
consider the data informative enough to make reliable conclusions about the presence or absence of 
a gene-for-gene interaction between C. buxicola and Buxus. First, as the AFLP data, the multi-locus 
sequencing data and the SSR data (Chapter 3) all indicate recent introductions and near-clonal 
reproduction of the G1 and G2 lineage, no differences in virulence are to be expected (yet) between 
isolates of the same lineage, partially compensating for the limited number of isolates in this assay. 
Secondly, if the G1 and G2 lineage would in fact represent two different pathotypes, this should 
result in clear differences in host-isolate interactions between each G1 isolate versus each G2 isolate. 
Although only one G2 was tested in this assay, its host-isolate interactions were very similar to those 
observed for the G1 isolates, and this for a large number of Buxus genotypes (37). Finally, the data 
demonstrate a continuous gradient of susceptible hosts with absence of resistant hosts, rather than 
the more explicit categorical division in susceptible versus resistant host that are typical for gene-for-
gene pathosystems (Brading et al., 2002; De Backer, 2012; Flor, 1956). Consequently, we consider 
the possibility of a gene-for-gene interaction between C. buxicola and Buxus unlikely. Although a 
large variation in the percentages of diseased leaves were observed between boxwood species and 
cultivars during this virulence assay, it is not advisable to make conclusions regarding host 
susceptibility under practical conditions. Additional testing has demonstrated a significant 
discrepancy between testing under controlled conditions and testing under practical (outdoor) 
conditions (data not shown).  
In this study, we identified a second C. buxicola lineage, G2, and characterized it genetically and 
phenotypically as compared to the original lineage G1. We developed several reliable molecular as 
well as phenotypic assays for discrimination between the two lineages. The identification of a second 
lineage might have a severe impact on the control of this pathogen. The higher thermotolerance of 
G2 isolates may not be advantageous in temperate regions (e.g. northwestern Europe), where 
average summer temperatures are below 20°C, but could create a selective advantage for more 
southern regions of Europe and for the humid regions surrounding the Black and Caspian Sea 
(Turkey, Republic of Georgia, Iran), where average summer temperatures are 4-5°C higher. 
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Moreover, G2 isolates demonstrated reduced sensitivity to economically important fungicide groups 
and proved to be more thermotolerant. As part of the fungicide registration process, we advise using 
both G1 and G2 isolates in efficacy experiments even if the G2 isolates are not currently present in a 
given region (See Chapter 3).  
  
 
 
 
Chapter 3: 
Population dynamics in Cylindrocladium 
buxicola based on newly developed SSR 
markers  
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3.1 Introduction 
Population studies of emerging fungal pathogens are crucial to our understanding of their dispersal 
process and their sexual behavior (recombination). Such studies usually also provide opportunities 
for testing hypotheses regarding local survival versus reintroduction. The ability to differentiate the 
genetic background within a pathogen population helps determine the efficacy of phytosanitary 
measures (e.g. quarantine measures, eradication efforts) and can contribute to pathogen risk 
assessment (e.g. chances for recombination and introduction on international and intercontinental 
scale). Molecular approaches are considered valuable tools in the determination of population 
dynamics, assuming these deliver a sufficient number of informative and reliable markers (Dutech et 
al., 2007; Vercauteren, 2010).  
In Chapter 2, we identified two phylogenetic lineages (G1 and G2) using AFLP and multi-locus 
sequencing. However, as both the AFLP analysis and multi-locus sequencing were conducted on a 
limited selection of isolates,  it is possible that we failed to recognize more rare phylogenetic lineages 
(other than G1 and G2) present in the working collection. The lineage-specific PCR-RFLP and qPCR 
assays are highly effective tools to quickly discriminate between the G1 and G2 lineages, but are not 
adequate to identify additional lineages (already present or yet to be introduced), as they are based 
on a very limited number of SNPs that might not be present in other lineages. Moreover, none of the 
methods or assays used in Chapter 2 show genetic polymorphisms within the lineages, with the 
exception of the AFLP technique. The relative complexity of the AFLP method implies that its 
reproducibility within and especially between labs strongly depends on thorough standardization, as 
differences in DNA extraction and operator might influence the data (Benjak et al., 2006; Dutech et 
al., 2007). In addition, different alleles from a single locus, or amplification problems leading to null 
alleles, cannot be easily recognized. This anonymity can introduce serious bias in population genetic 
studies (Dutech et al., 2007).  
A higher resolution genetic screening method, able to identify genetic polymorphisms within the 
lineages (intralineage differentiation), would make more detailed migration and evolutionary studies 
feasible. If possible, this method should also allow an operator to recognize the two identified 
lineages (G1 or G2) but also to identify other, non-identified lineages (interlineage differentiation). 
Microsatellite (SSR’s) markers (see Introduction Chapter) are  especially useful in populations with 
limited genetic diversity, such as the C. buxicola G1 and G2 populations, as they tend to have a higher 
mutation frequency than SNP markers. In addition, they are easy to use and have higher robustness 
than AFLP, even when the analyses are performed in different laboratories and by different 
operators. Although the overall yield of microsatellite markers is generally low in fungi, polymorphic 
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markers have been published for Cylindrocladium parasiticum and Cylindrocladium pauciramosum 
(Wright et al., 2006; Wright et al., 2007). The cross-species transferability of these microsatellites has 
been tested against several other Cylindrocladium species, but not Cylindrocladium buxicola. 
However, as transferability of such markers is limited to only the most related species, little is 
expected regarding the usability of these markers in C. buxicola, as this species is genetically not 
closely related to either C. parasiticum or C. pauciramosum (Lombard et al., 2010a). No polymorphic 
SSR markers for C. buxicola were described in literature yet.  
In Chapter 3, we identified polymorphic SSR markers for C. buxicola, and studied population 
dynamics in the global C. buxicola population. The first objective of this study was the identification 
of candidate microsatellite sequences, after determination and analysis of the nuclear genome 
sequence of reference G1 isolate CB002. Secondly, primer pairs flanking a selection of microsatellite 
sequences were de novo developed and tested for their ability to detect intralineage and interlineage 
polymorphisms within a selection of representative G1 and G2 isolates. The third objective was to 
determine the structure of the global C. buxicola population, based on the identified polymorphic 
microsatellite markers.  
3.2 Material and methods 
3.2.1 Fungal isolates and DNA extractions 
C. buxicola isolates were isolated and stored, and DNA extracted as described in Chapter 2 (section 
2.2.1). The name, host, origin, year of isolation and collector of all C. buxicola isolates used for 
microsatellite analysis are listed in Appendix 1 .  
For the purpose of genome sequencing, high(er) quality DNA was required than for microsatellite 
analysis. Mycelium for DNA extraction was prepared as described above, but DNA was extracted 
using the DNeasy plant mini kit (Qiagen, Venlo, the Netherlands) instead, following the 
manufacturer’s instructions. 
3.2.2  Identification of G1-polymorphic microsatellite loci using candidate 
primer pairs 
The nuclear genome sequence of G1 reference isolate CB002 was sequenced by BaseClear B.V. 
(Leiden, the Netherlands). Paired-end sequence reads were generated using the Illumina Casava 
pipeline version 1.8.2 (HiSEQ2500 sequencing system). The reads were trimmed for enhanced quality 
and de novo assembled using the CLC genomics Workbench 5.5 Beta 3 software (CLC Bio, Aarhus, 
Denmark). Annotation was performed on the assembled contig sequences using the Genome 
Annotation Pipeline Service (GAPS) of Progenus (Gembloux, Belgium). This genome sequence, was 
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loaded in Unipro UGENE for visualisation (Okonechnikov et al., 2012) and screened for simple 
sequence repeats (SSR) (2 to 6 bp motif, at least 12 repeats) using Tandem Repeat Finder (Benson, 
1999). Only non-combined SSR sequences were selected for primer development, to avoid multiple 
possible origins of an observed polymorphism. In addition, AT motifs were avoided, as self-
complementarity makes this motif difficult to PCR-amplify (Karaoglu et al., 2005). Primers flanking 
the loci were designed using the program PRIMER3 (Rozen & Skaletsky, 2000) with the following 
criteria: min. Tm = 60°C, GC ≥ 50%, primer size 18-21 bp, PCR product size between 200 and 500 bp. In 
total, primer pairs for 180 SSR loci were constructed for preliminary screening.  
To generate fluorescent PCR products that can be sized by capillary electrophoresis, a three-primer 
method for universal fluorescent labeling during PCR amplification was used (Shimizu et al., 2002). 
Detection is based on the addition of a M13reverse (5’-CAGGAAACAGCTATGACC-‘3) tag at the 5’ end 
of the forward primer, complementary to the universal fluorescent primer M13 (FAM versus HEX-
labelled). PCR reactions (25 µL) contained 25 ng of target DNA, 0.3 µM of each primer and 1x 
DreamTaq PCR Master mix (Fermentas) and were performed in a GeneAmp PCR System 9700 PE (Life 
Technologies). The thermocycling profile, adapted from Vercauteren (2010), started with 4 min of 
denaturation at 95°C followed by 5 cycles of 20 s denaturation at 95°C, 30 s annealing at 60°C and 1 
min extension at 72°; 20 cycles of 20 s at 95°, 30 s at 60°C minus 0.5°C per cycle, and 1 min at 72°C; 
12 cycles of 20 s at 95°C, 30 s at 50°C, and 1 min at 72°C; and a final extension step at 72°C for 30 
min. All PCR reactions were performed in a simplex PCR reaction. PCR fragments were sized on an 
ABI 3130 genetic analyzer (Life Technologies) using Rox 500 as size standard. Results were analysed 
using BioNumerics 6.6 (Applied Maths).  
A total of 21 representative G1 lineage and five G2 lineage C. buxicola isolates with diverse 
geographic origins and isolation years were selected for the preliminary screening for polymorphisms 
(Appendix 1, isolate set k). Although the focus of this screening was the identification of polymorphic 
SSR markers within the G1 lineage, we also screened the G2 isolates with these primer pairs, allowing 
us to make an estimation of the interlineage microsatellite variation, relative to the G1 intralineage 
microsatellite variation. When fragment length variability was observed within a locus, PCR 
amplification was repeated without addition of the universal fluorescent primer M13. The fragments 
of expected size were gel-purified using the Nucleospin Extract II purification kit (Macherey-Nagel, 
Düren, Germany). The amplicons were sequenced in both directions using the amplification primers 
and the Sanger sequencing method, at Macrogen (Seoul, Korea), to confirm the polymorphic SSR 
character of the sequence, and its exact motif and length variation.  
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The primer pairs of confirmed polymorphic repeat loci were adapted to optimize PCR amplification 
efficiency, when needed. To reduce the cost of capillary electrophoresis (CE) analyses, multiple PCR 
fragments with different lengths and/or labeling were bulked before electrophoresis (= ‘CE pool’).   
3.2.3 Population analysis  
All 298 isolates of the international collection (Appendix 1) were screened using the optimized 
polymorphic microsatellite markers and the most cost-effective pooling combination. For each 
lineage, the expected heterozygosity (HE) values for each locus were calculated according to Nei 
(1978).  
In order to assess the evolutionary relationships among the G1 C. buxicola isolates, a genotype 
distance matrix was calculated using the method of Bruvo et al. (2004) in the program GENOTYPE 
(Meirmans & van Tienderen, 2004). A minimum spanning network was calculated from the matrix 
using MINSPNET (Excoffier & Smouse, 1994). The network was visualized manually using the genetic 
distances and the origin information of the isolates of each genotype.  
3.3 Results 
3.3.1 Identification of G1-polymorphic microsatellite loci using candidate 
primer pairs 
 
The genome of reference isolate CB002 was successfully sequenced and annotated. The Illumina 
Casava pipeline yielded a total number of 12 779 054 paired end reads with an average length of 236 
base pairs, with an average quality score (Prhed) of 34.34 (99.96 base call accuracy) and an average 
coverage of 81. A total of 7682 contigs were assembled through CLC mapping, of which the statistics 
are listed in Table 3.1.  
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Table 3.1: Statistics about the contigs of the CB002 genome, assembled through CLC mapping. Given a set of sequences of 
varying lengths, the N50 length is defined as the length N for which 50% of all bases in the sequences are in a sequence of 
length L > N. N25, N75 and N90 lengths correspond to 25, 75 and 90%, respectively.  
Number of Contigs 7682 
 
Average size 6.5 kbp 
 
Minimum size 210 bp 
 
Maximum size 103.3 kbp 
 
N25 length  29.2 kbp 
 
N50 lenght 17.0 kbp 
 
N75 length 8.5 kbp 
 
N90 length 3.6 kbp 
Average GC content 48.52% 
Total length   49.89 Mbp 
 
The tandem repeat screening of these 7682 contigs yielded a total of 267 candidate SSR loci (167 
dinucleotides, 86 trinucleotides, 7 tetranucleotides, 3 pentanucleotides and 1 hexanucleotide) with a 
minimum of 12 tandem repeats. Based on the selection criteria, 180 loci (67.9%) were accepted for 
primer development (115 dinucleotides, 56 trinucleotides, 5 tetranucleotides, 3 pentanucleotides 
and 1 hexanucleotide). Of these, 18 primer pairs (10%) were discarded because of their unability to 
(reliably) amplify the locus. Of the remaining 162 loci, 151 (93.2%) demonstrated polymorphisms 
between G1 and G2 isolates and 11 (6.8%) were polymorphic within the screening population of 21 
G1 isolates. The primer pairs used to amplify those markers are listed in Table 3.1. Sequence analysis 
confirmed that these 11 primer pairs do indeed amplify microsatellite-containing loci, and that 
differences in size among amplicons are the results of a different number of repeats in the 
microsatellite motif.  
The amplicons of the 11 G1-polymorphic markers were reliably sized in two CE pools, containing 
either 5 or 6 amplicons (Table 3.2) that differed in labeling and/or size.  
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Table 3.2 SSR target loci and primer sequences of the 11 primer pairs used to amplify the G1-polymorphic loci in Cylindrocladium buxicola 
SSR marker CE Pool  Labeling    Forward primer code and sequence ('5-3')a   Reverse primer code and sequence ('5-3') 
0368 1 6-FAM   0368F2 CTCTTCAGGCGTCTCCTCTG   0368R3 GCTCAATCAATGCCTCTTCC 
2683 2 6-FAM   2683F2 CGATTCCACCCTCAACTTGT   2683R1 ACAACGCCTTTGGAAAATTG 
2134 1 6-FAM   2134F2 CAGCCAACTGCTCGTTGATA   2134R1 TTCCTCACTGTTGCCTACCC 
1281 2 6-FAM   1281F1 TCCTCACATTCCAATCACCA   1281R1 TTTCTGTGGGCCGAAACTAC 
1816 1 6-FAM   1816F2 CTCTGGCGCTATCAAAAAGG   1816R3 CCAAAGCGACTTACCCATGT 
4142 2 6-FAM   4142F2 GAGGGTGATGCCCTTGTTTA   4142R1 GTGTACTCGGGTGCAATCCT 
0610 1 HEX   0610F1 AAAGAAAGGCCCCACCTAGA   0610R4 CGAAGAGCCATGACTGCATA 
2373 2 HEX   2373F1 TGGGATGATTCATGCTCAAA   2373R1 AGCCTGAGTGGCAAAAAGAA 
0662 1 HEX   0662F2 ATCATCGCATCGTCATTTCA   0662R1 ATGGTGGTGGGGTCAAACTA 
1455 2 HEX   1455F3 CAGCTTTTCCAACGGCTAAG   1455R3 TGACCGCCTAATCACAATCA 
1647 1 HEX   1647F3 GGCGCCATACAGCTACTAGG   1647R1 GGGCTTGAGAGATGTGGTGT 
 a
 Forward primers include an additional M13 tag sequence (5'-CAGGAAACAGCTATGACC-3') for universal labeling  
 
 
 
 
Population dynamics based on SSR markers 
69 
 
3.3.2 Population analysis 
All isolates of the working collection yielded multilocus allele profiles that could be assigned to one of 
the two recognized lineages (G1 or G2), indicating no additional phylogenetic lineages other than G1 
and G2 to be present in the working collection. The lineage differentiation  based on the SSR markers 
developed in this chapter and the PCR-RFLP developed in Chapter 2 proved to be 100% similar: 262 
isolates were assigned to the G1 lineage (88%), 36 to the G2 lineage (12%). In addition to being less 
common, G2 isolates were more geographically restricted and isolated more recently (2005 versus 
1998) than G1 isolates. G2 isolates have been identified in Germany (64.7% of the tested isolates), 
the Netherlands (29.0%), Slovenia (28.6%), the UK (9.6%) and Belgium (7.1%). 
Genotyping of the 262 G1 isolates with the 11 SSR markers produced only two alleles for each locus, 
with the exception of locus 0610, in which three alleles were observed. Within the G2 lineage, only 
one polymorphism was observed (isolate P-10-5843, locus 0610). For all loci the amplicon size was 
different between isolates of the G1 versus G2 lineages. The identity of all alleles (both in the G1 and 
G2 lineage) was confirmed by sequence analysis and details of all loci and alleles are provided in 
Table 3.3.  
Within the G1 lineage, the analysis resulted in 14 multilocus genotypes (G1MG1 to G1MG14) (Table 
3.4). The genetic relationships between those MGs are visualized in the minimum spanning network 
shown in Figure 3.1. The global G1 population is dominated by G1MG1 (46% of all G1 isolates). Three 
additional multilocus genotypes (G1MG2, 3 and 4) have also been detected frequently (10 to 26% of 
the G1 population). Ten out of 14 multilocus genotypes (G1MG 6-14) are represented by only 1 or 2 
isolates.  
   
Part I Chapter 3 
70 
 
Table 3.3. Observed allele motifs, sizes and frequencies of the 11 microsatellite loci used in this study, including GenBank 
accession numbers of allele sequences for G1 isolate CB002 (G1MG1) and G2 isolate JKI 2106.  
a
 Size of microsatellite amplicon based on results from capillary electrophoresis (CE) 
b
 Allele frequency within genetic lineage (G1: 262 isolates, G2: 36 isolates) 
c
 He = expected gene diversity within the loci for the genetic lineages G1 and G2, calculated according to Nei (1973) 
d
 Sequence from the locus as it occurs in G1MG1 reference isolate CB002 and G2 reference isolate JKI 2106 
Lineage Locus  # alleles Allele motifs 
CE 
lenght
a
 
Frequency
b
 He
c
 GenBank
d
 
G1 
0368 2 
(CAA)18 512 99.62% 
0.008 KJ396041 
(CAA)17 509 0.38% 
2683 2 
(CTGCT)10 412 73.11% 
0.393 KJ396042 
(CTGCT)12 422 26.89% 
2134 2 
(GAGCAT)13 372 99.62% 
0.008 KJ396043 
(GAGCAT)12 366 0.38% 
1281 2 
(CAGCA)14 345 97.73% 
0.044 KJ396044 
(CAGCA)15 350 2.27% 
1816 2 
(GAA)17 330 96.97% 
0.059 KJ396045 
(GAA)18 333 3.03% 
4152 2 
(CA)13 385 99.62% 
0.008 KJ396046 
(CA)14 387 0.38% 
0610 3 
(AAC)19 (AAT)2 (AAC)2 (AAT) (AAC)2 495 89.77% 
0.185 KJ396047 (AAC)25 (AAT)2 (AAC)2 (AAT) (AAC)3 513 9.47% 
(AAC)20 (AAT)2 (AAC)2 (AAT) (AAC)4 498 0.76% 
2373 2 
(TTCA)12 383 99.62% 
0.008 KJ396048 
(TTCA)6 359 0.38% 
0662 2 
(AC)18 335 89.39% 
0.190 KJ396049 
(AC)16 331 10.61% 
1455 2 
(AC)13 340 99.62% 
0.008 KJ396050 
(AC)14 342 0.38% 
1647 2 
(ACA)14 292 99.24% 
0.015 KJ396051 
(ACA)15 295 0.76% 
G2 
0368 1 (CAA)15 497 100.00% 0 KJ396052 
2683 1 (CTGCT)9 407 100.00% 0 KJ396053 
2134 1 (GAGCAT)5 333 100.00% 0 KJ396054 
1281 1 (CAGCG)3 (CAGCA)6 329 100.00% 0 KJ396055 
1816 1 (GAA)2 (GAC)3 (GAA)10 312 100.00% 0 KJ396056 
4152 1 (CA)16 390 100.00% 0 KJ396057 
0610 1 
(AAC)25 (AAT) (AAC)2 500 97.22% 
0.054  KJ396058 
(AAC)16 (AAT) (AAC)2 473 2.78 
2373 1 (TTCA)5 364 100.00% 0 KJ396059 
0662 1 (AC)18 311 100.00% 0 KJ396060 
1455 1 (AC)8 269 100.00% 0 KJ396061 
1647 1 (ACA)8  277 100.00% 0 KJ396062 
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Table 3.4. Definitions of the 14 multilocus genotypes in the G1 lineage (G1MGs) of Cylindrocladium buxicola based on the allele profiles at the 11 identified polymorphic microsatellite 
loci.  
G1 multilocus genotype 
      
Oldest 
isolation year 
Number of motif repeats for each polymorphic locusa 
# 
isolates Freq. 
0368 2683 2134 1281 1816 4152 0610 2373 0662 1455 1647 
G1MG1 121 46.2% 1998 18 10 13 14 17 13 19 12 18 13 14 
G1MG2 69 26.3% 2005 18 12 13 14 17 13 19 12 18 13 14 
G1MG3 27 10.3% 2005 18 10 13 14 17 13 19 12 16 13 14 
G1MG4 25 9.5% 2012 18 10 13 14 17 13 25 12 18 13 14 
G1MG5 7 2.7% 2010 18 10 13 14 18 13 19 12 18 13 14 
G1MG6 2 0.8% 2001 18 10 13 14 17 13 19 12 18 13 15 
G1MG7 2 0.8% 2005 18 10 13 14 17 13 20 12 18 13 14 
G1MG8 2 0.8% 2010 18 10 13 15 17 13 19 12 18 13 14 
G1MG9 2 0.8% 2012 18 12 13 15 17 13 19 12 18 13 14 
G1MG10 1 0.4% 2006 18 10 13 14 17 13 19 6 18 13 14 
G1MG11 1 0.4% 2009 17 10 13 14 17 13 19 12 18 14 14 
G1MG12 1 0.4% 2010 18 10 13 15 18 13 19 12 18 13 14 
G1MG13 1 0.4% 2010 18 10 13 15 17 13 19 12 16 13 14 
G1MG14 1 0.4% 2011 18 10 12 14 17 14 19 12 18 13 14 
a
 repeat numbers that deviate from those in G1MG1 are indicated in bold  
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Figure 3.1 Minimum spanning network of the 14 multilocus genotypes (MGs) of the Cylindrocladium buxicola G1 lineage. Branch sizes are proportional to the genetic distance 
and surface area of the circles or sectors is proportional to the number of isolates detected. The different colors represent the different countries of origin (ISO-codes). 
Question marks represent a hypothetical, but unfound genotype. Dashed lines represent possible but unlikely genetic relationships.  
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3.4 Discussion and conclusions 
In this Chapter, we developed polymorphic SSR markers for C.  buxicola, allowing the study of 
population dynamics in the global, present-day population.  
The screening of the isolate collection with the developed SSR markers yielded results that were fully 
consistent with the results obtained using the PCR-RFLP assay in Chapter 2. In addition to being less 
common, G2 isolates were more geographically restricted than G1 isolates. The G2 lineage is 
dominant in Germany, while lower ratios were confirmed in other European countries such as the 
Netherlands, Slovenia, Belgium and the UK. At the moment, no G2 isolates have been confirmed 
outside of Europe, although larger numbers of local isolates should be tested before such statements 
can be made with high reliability. Furthermore, G2 isolates were from more recent isolation years 
than G1 isolates. The oldest G2 isolates in this study were from 2005 (isolates JKI 49/05 in Germany 
and PD05/02553081 in the Netherlands), the same time period of the first official observations in 
those countries (period 2004-2005). With the exception of one (G1) isolate, no Belgian isolates were 
stored during the first years of our observations (2000-2008). It is therefore unclear whether G2 
isolates were already present in Belgium at the time of the introductions in Germany and the 
Netherlands. Nevertheless, the relatively low ratio of G2 isolates in Belgium compared to those in 
Germany and the Netherlands indicates that the Belgian G2 isolates have probably been introduced 
from Germany or the Netherlands, instead of the other way around. More recently, G2 isolates were 
also confirmed in the UK and Slovenia (2011-2012). The UK situation is of particular interest, as it 
illustrates the recent spread of G2 isolates, probably through transfer of infected plant material. Of 
the five G2 isolates from the UK, one was isolated in 2011 and four were isolated in 2012, raising the 
percentage of G2 isolates from 0% (32 isolates, period 1999-2010) to 25% (20 isolates, period 2011-
2012) in only two years.  
In the absence of a selective advantage of G1, the more recent, rarer, and more geographically 
restricted collection data of G2 lineage isolates suggests the G2 lineage was introduced more 
recently in Europe. The data suggest that the G1 lineage was introduced around the mid 1990’s, in 
the UK. It has probably spread from there to mainland Europe. This genetic lineage has also been 
introduced more recently to the Black Sea region (Turkey and Republic of Georgia), North America 
(United States and Canada) and most recently to the Caspian Sea region (Iran, data not shown). The 
G2 lineage seems more recently introduced in Europe, possibly via Germany around the mid 2000’s, 
as suggested by the high ratio of G2 isolates isolated in this country. The G2 lineage is likely more 
geographically restricted than the G1 lineage as a consequence of being more recently introduced. 
We believe this this restriction may disappear in time.  
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The observed level of SSR diversity within the international population of 262 G1 isolates was limited 
but still informative. The minimum spanning network (Figure 3.1) clearly reflects a founder event, in 
which the originally introduced isolate spread fast and rather widely while only undergoing a limited 
number of SSR mutations since its introduction. Except for marker 1281, which likely underwent the 
same mutation four times (in G1MG1, G1MG2, G1MG3 and G1MG5 isolates, resulting in the G1MG8, 
G1MG9, G1MG13 and G1MG12 genotypes, respectively), the SSR mutations are unique and stable 
events. This is for example demonstrated by the lack of the 2683 mutation in G1MG3 and the 0662 
mutation in G1MG2, two genotypes with a rather large number of representatives over a large 
geographic distribution. The central, dominant multilocus genotype (G1MG1) most likely represents 
the original introduction of the G1 lineage, as all of the isolates isolated in the years 1998-2000 (UK 
and NZ) belonged to this genotype. According to Henricot et al. (2000), box blight symptoms have 
been observed from 1994. The lack of SSR-based genetic diversification observed in the isolates 
isolated in 1998-2000 indicates that these first observations (1994) probably happened relatively 
soon after the actual introduction, rather than the pathogen evolving while staying unnoticed for 
several years. G1MG1 is also the only genotype that has been detected on all four continents where 
C. buxicola has been confirmed: Europe (BE, UK, NL, DE, SI, FR, ES), Oceania (NZ), North America (US) 
and Asia (IR, TU, GE). As G1MG1 isolates are the most widely distributed, this also supports the 
hypothesis it being the original introduction. Although several mutations leading to new multilocus 
genotypes already took place before 2007 (e.g. oldest isolation years G1MG6: 2001; G1MG2,3 and 7: 
2005; G1MG10: 2006) (Table 3.4), G1MG2 and G1MG3 are the only other G1MGs to have succeeded 
in spreading internationally for now, likely as a result of the mutations leading to their genotype 
being relatively old and the conditions for their dispersal being advantageous (e.g. early propagation 
and spread via a commercial nursery). As no phenotypic differences in growth, thermotolerance or 
fungicide susceptibility have been observed between isolates of different G1MGs, no selective 
advantages are expected. 
Evidence has been found for several genetic bottlenecks. For instance, G1MG4 has solely been 
detected in the Black/Caspian Sea Region (IR, TR). Although G1MG4 has most likely evolved from 
G1MG1, this latter genotype has not been confirmed in the same location but has been found in the 
adjacent Republic or Georgia (GE). We do believe that G1MG4 has been introduced in IR from TR, 
because of their geographical proximity, and because box blight has been observed earliest in TR. 
However, it is unclear whether the mutation leading to G1MG4 occurred locally, in a GE or possibly 
TR G1MG1 population, or if the G1MG4 mutation has been introduced from somewhere else (e.g. 
Europe), where G1MG4 isolates have not (yet) been found. In the US, only two G1 multilocus 
genotypes have been observed (G1MG1, 3/50 and G1MG2, 47/50). In the East Coast US states, the 
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G1MG2 genotype is clearly dominant (47/48 isolates tested), suggesting introduction and 
subsequent spread of an G1MG2 isolate created another bottleneck event. Only one out of the 48 
isolates from the East Coast (NY-275, NY), and the sole two C. buxicola isolates sampled on the West 
Coast of the US (ODA-HN1 and ODA#1, OR) proved to be G1MG1. It is unclear whether these 
geographically unrelated observations represent two independent G1MG1 introductions on the 
North American continent (one at the East Coast, one at the West Coast), or merely one introduction 
followed by intracoastal transport of infected plant material. It would be interesting to collect and 
test more C. buxicola isolates sampled in West Coast states, to determine if the local populations 
solely exsist out of G1MG1 isolates. Lastly, G1MG5 and derived G1MG12 isolates were only isolated 
from samples originating from the geographically isolated, wild boxwood populations in the south of 
Belgium, more specifically the regions surrounding Waulsort and Leffe. 
In the countries surrounding the Mediterranean Sea, on the other hand, we observed high genotype 
diversity relative to the low numbers of isolates collected (G1MG1 in ES; G1MG7 in FR; G1MG3 in IT; 
G1MG11 in HR; G2, G1MG1 and G1MG2 in SI; G1MG3 and G1MG4 in TR), indicative of multiple 
independent introductions due to international trade, rather than local spread between these 
countries.  
The results demonstrate that there have been at least 2, and possibly 3, independent introductions in 
the Black/Caspian Sea Region (G1MG1 in GE, G1MG3 in TR, G1MG4 in TR and IR), and at least 2 
introductions on the American continent (G1MG1 and G1MG2 in US), demonstrating that 
introduction of C. buxicola in these regions should not be considered a unique, rare event. It 
indicates that the risk of new introductions (e.g. originating from Europe) is real, and likely will occur 
again in the future. Especially the introduction of G2 isolates into new regions might increase the 
local impact of this pathogen, as this lineage is characterized by increased thermotolerance and 
decreased fungicide susceptibility (see Chapter 2).  
Intralineage microsatellite diversity (11/162 of loci screened in G1) was much smaller than 
interlineage diversity (151/162 of loci polymorphic between G1 and G2), again confirming the 
relatively large genetic distance between those two lineages. Although the SSR markers were 
primarly developed to detect genetic diversity in the G1 lineage, we also characterized the amplicons 
produced using DNA from G2 isolates, for the purpose of further lineage discrimination/recognition. 
Not only did the G2 amplicons demonstrate differences in the repeat motif of their microsatellite 
sequence, some loci also contained several SNP’s, deletions and insertions in the G2 isolates, leading 
to differences in amplicon sizes independent of microsatellite repeat lengths (see GenBank 
sequences, Table 3.3).  
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Although easy and cheaper assays for discrimination between G1 and G2 have been presented in 
Chapter 2 (e.g. PCR-RFLP, real-time PCR), the microsatellite markers have the advantage of being 
able to identify possible new lineage introductions more reliably. A standard screening of C. buxicola 
isolates with the most important SSR markers for genotype discrimination (Gene diversity values > 
0.1: markers 2683, 0610, 0662) would allow an operator to determine whether a new isolate belongs 
to the G1 lineage (with a good indication about relatedness to multilocus genotypes G1MG1, 
G1MG2, G1MG3 or G1MG4), the G2 lineage or a formerly unknown lineage. The detection of an 
exotic population of isolates yielding different, new allele profiles could indicate an endemic 
population of the pathogen. Both early identification (and eradication) of new introductions and 
determination of the origin of this pathogen, would allow the sector to prevent the dispersal of new, 
possibly more aggressive or fitter genotypes, as was the case with the introduction of the G2 lineage.  
In this chapter, we described the identification of 11 polymorphic SSR markers for the G1 lineage, 
and 14 G1 multilocus genotypes. These markers might be useful in possible future evaluations of 
quarantine or eradication efforts, the determination of spread, survival and introduction pathways, 
at the local and especially at the international scale. They can also be used as a molecular tool to 
discriminate between the different lineages, and to recognize future new introductions at an early 
stage when dispersal might still be brought to halt.  
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4.1 Introduction 
Trade of latently infected nursery stock is an important mode of long-distance dissemination and 
introduction of Cylindrocladium buxicola, but no methods for detection of latently infected material 
are available. Also, the pathways for short-distance dispersal of C. buxicola have not been studied. 
Sensitive and reliable methods to detect this pathogen in plant, air and water samples of practical 
sizes were needed for epidemiological research, but were not available prior to this project. 
Real-time PCR allows for fast detection of particular DNA sequences in complex samples with 
unprecedented accuracy, reliability and sensitivity (Kubista et al., 2006). In addition to superior 
sensitivity, real-time PCR allows for quantification of the amount of DNA (Kubista et al., 2006) , 
making it a popular molecular tool for pathogen detection and quantification (Alaei et al., 2009; 
Debode et al., 2009; Debode & Van Poucke, 2011; Huvenne et al., 2011). Most of the real-time PCR 
protocols use primers based on the ITS sequences or the TUB gene. These sequences are the most 
widely available among different organisms in public databases such as GenBank, allowing design of 
primers without the need to sequence a large collection of non-target organisms (Alaei et al., 2009). 
In fungi, ITS sequences tend to have less interspecific variability than TUB sequences (Lee & Taylor, 
1992; White et al., 1990), possibly hampering the development of species-specific primers. On the 
other hand, while TUB genes are single-copy, ITS sequences tend to be present in multiple copies per 
genome (Borneman & Hartin, 2000; Boyle et al., 2005; White et al., 1990) which potentially increases 
the sensitivity of detection.  
This chapter describes the development of real-time PCR primers and probes for both the ITS region 
and the TUB gene. The sensitivity and specificity of the best real-time PCR assays were compared and 
the data were used to estimate the ITS copy number. Secondly, we developed and optimized sample 
processing protocols that,  in combination with the real-time PCR assays, allow reliable quantification 
of the pathogen in plant, air and water samples of practical size. 
4.2 Materials and methods 
4.2.1 Fungal isolates and DNA extraction 
The name, host and origin of all isolates used in the development of the real-time PCR assays are 
listed in Table 4.1. The non-C. buxicola isolates were selected based on their ITS sequence similarity 
to C. buxicola and/or their potential presence in the same ecological niche. For regular DNA 
extractions fungal isolates were grown for 3 days at 20°C in 20 mL V8 juice broth in sterile 50 mL 
Falcon tubes (Corning Life Sciences), centrifuged for 5 min at 6800 rcf and washed twice with 
sterilized MilliQ water. Genomic DNA (gDNA) was extracted from 50 to 100 mg mycelium that had 
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been vacuum-dried over a sterile filter. Conidial suspensions of C. buxicola isolate CB002 for the 
purpose of plant inoculations were obtained as described in Chapter 2. Concentrations of conidia 
were determined using a haemocytometer.  
To determine the optimal methods for DNA extraction from fungal mycelium, from C. buxicola-
conidia (water and air samples) and from C. buxicola-infected plant material (plant samples), the 
efficiency of the following commercially available DNA extraction kits was compared: QuickPick SML 
Genomic DNA (Bio-Nobile), QuickPick SML Plant DNA (Bio-Nobile) (QPP kit), Invisorb Spin Plant mini 
kit (STRATEC Molecular, Berlin, Germany) (ISP kit), DNeasy plant mini kit (Qiagen, Venlo, the 
Netherlands) (DP kit) and the PowerSoil DNA isolation kit (Mo Bio laboratories, Carlsbad, CA, United 
States) (PS kit). The best DNA extraction method for each purpose was selected based on these 
criteria: target DNA yield, the successful removal of PCR inhibiting compounds, and the cost of 
material and labor. DNA concentration in the samples was quantified using a Nanodrop ND-1000 
spectrophotometer (Isogen Life Science) and DNA samples were stored at -20°C until further use.  
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Tabel 4.1 Identity, host, origin and isolation year of the isolates used in this research chapter 
Organism 
Isolate 
code Host origin 
Country of 
origin 
Isolation 
year 
GenBank accession 
no. 
Sourceb,c ITS TUB 
Cylindrocladium buxicola  CB002 Buxus sempervirens Belgium 2007 JX535321 JX535307 ILVO 
C. buxicola  CB045 B. sempervirens Germany 2009 JX535322 JX535308 ILVO 
C. buxicola RHS PT25 B. sempervirens United Kingdom 2006 JX535323 JX535309 (Henricot et al., 2008) 
C. colhounii  Ccol001 Rhododendron sp. Belgium 2010 JX535314 JF802784 (Inghelbrecht et al., 2011) 
C. parasiticum  Cpara002 Guzmania sp. Belgium 2010 JX535313 JX535301 ILVO 
C. pauciramosum Cpauc001 Rhododendron indicum Belgium 2009 JX535312 JX535324 ILVO  
C. scoparium Cscop001 Rosa sp. Belgium 2011  NA JX535299 ILVO 
Aspergillus westerdijkiae ASP Capsicum annuum Belgium 2007 JX535320 JX535306 ILVO 
Botrytis cinerea  PCF1080 Fragaria x ananassa (Duch.) Belgium 2007 JX535319 JX535305 RSF 
Cladosporium halotolerans CLA Air sample Belgium 2011 JX535318 JX535304 ILVO 
Colletotrichum acutatum PCF721 Fragaria x ananassa (Duch.) Belgium 2008 JX535317 NA  (Debode et al., 2009) 
Fusarium oxysporum  PSKW2 Capsicum annuum Belgium 2007 JX535310 JX535298 ILVO 
Penicillium chrysogenum KVP201 Air sample Belgium 2011 JX535315 JX535302 ILVO 
Trichoderma sp.  TRI NAa  Belgium 2007 JX535316 JX535303 ILVO 
Verticillium nonalfalfae d VA1 Solanum lycopersicum the Netherlands NK AF364014 DQ840616 (Collins et al., 2003) 
V. dahliae Ve005 Soil sample Belgium 2004 GQ495791 GU564541 (Debode & Van Poucke, 2011) 
Volutella buxi VB005 B. sempervirens Belgium 2009  JX535311 JX535300   ILVO 
a
 NA = data not available  
b
 ILVO = Institute for Agricultural and Fisheries Research, Merelbeke, Belgium  
c
 RSF = Research Station for Fruit Growing, Sint-Truiden, Belgium 
d
 Reclassified from V. albo-atrum following (Inderbitzin et al., 2012) 
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4.2.2 PCR amplification, cloning and sequencing 
The TUB and ITS regions were PCR-amplified using the primers T1/T2 (O'Donnell & Cigelnik, 1997) 
and ITS1/ITS4 or ITS1F/ITS4 (Gardes & Bruns, 1993; White et al., 1990), respectively. Conventional 
PCR reactions were performed in a GeneAmp PCR System 9700 PE (Life Technologies), in 50 µL 
reactions containing 50-100 ng of target gDNA, 0.3 µM of each primer and 1x DreamTaq PCR Master 
mix (Fermentas Belgium, Brussels, Belgium). After 5 min initial preheating at 94°C, 35 PCR cycles of 
30 s denaturation at 94°C, 30 s annealing at 55°C, and 45 s extension at 72°C were performed. The 
reactions ended with a final extension at 72°C for 10 min. The amplified fragments of expected size 
were purified with the Nucleospin Extract II purification kit (Macherey-Nagel) and sequenced at 
Macrogen (Seoul, Korea). In total, ITS and TUB DNA sequences were determined in a collection of 30 
C. buxicola isolates, originating from 11 countries (data not shown). Three C. buxicola isolates CB002, 
CB045 and RHS PT25 (Table 4.1) were selected as reference isolates, as their ITS and TUB fragments 
were representative for the collection (data not shown). The ITS and TUB sequences of reference 
isolate C. buxicola CB002 were cloned into the PCRII-TOPO vector with the TOPO TA cloning kit (Life 
Technologies) following the manufacturers’ instructions. DNA of the plasmid clones (pDNA) was 
extracted using the NucleoSpin plasmid DNA purification kit (Macherey-Nagel). pDNA containing 
target ITS and TUB sequences were denoted pDNAITS and pDNATUB, respectively. The plasmid inserts 
were sequenced by Macrogen using primers SP6 and T7 to confirm that the target fragments were 
correctly amplified and cloned. The copy number of plasmids and thus the number of templates in a 
specific PCR reaction was calculated based on the molecular weight of the plasmids and the DNA 
concentration in the plasmid solution as described by Whelan et al. (2003). 
4.2.3 Design of real-time PCR primers, TaqMan probes and real-time PCR 
assays  
To develop specific real-time PCR primers for C. buxicola, ITS and TUB sequences of C. buxicola 
isolates were aligned with the GenBank sequence data of closely related Cylindrocladium species. 
Regions that were conserved within the C. buxicola isolates but differed from the other 
Cylindrocladium spp. were used for selecting candidate primer pairs and TaqMan probes using the 
oligo design tool AlleleID (PREMIER Biosoft, Palo Alto, Canada) and through manual inspection of the 
multiple alignment. Combinations of 13 candidate ITS-based primers and two ITS-based TaqMan 
MGB probes as well as combinations of 12 candidate TUB-based primers were subjected to 
preliminary sensitivity and specificity tests via amplification and melting-curve analysis of real-time 
PCR reactions, with 10-fold dilution series of gDNA of 3 fungal isolates (CB002, VB005 and Cpauc001) 
as templates. Primers were synthesized by Isogen Life Science and the TaqMan MGB probes by Life 
Technologies. 
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The real-time PCR reactions were performed in 25 µL volumes containing gDNA or pDNA template, 
0.3 µM of each primer (see Results section) and Maxima SYBR Green/ROX qPCR Master Mix 
(Fermentas Belgium) (hereafter referred to as SYBR Green MM). When TaqMan technology was 
used, the reactions contained the same concentrations of DNA and primers, with the addition of 0.2 
µM probe MGB539 and the use of Maxima Probe/ROX qPCR Master Mix (Fermentas Belgium) 
(hereafter referred to as Probe MM) instead of the SYBR Green MM. Amplification and detection of 
fluorescence were performed in Framestar 96 semi-skirted PCR plates with black frames and white 
wells (4titude) using an ABI Prism 7900 HT (Life Technologies).  
The thermocycling profile for the real-time PCR reactions in SYBR Green MM consisted of 2 min 
preheating at 50°C, 10 min at 95°C and 40 cycles of 15 s denaturation at 95°C and 60 s 
annealing/extension at 60°C. Melting curve analysis was used to confirm the selectivity of the 
amplicons. For reactions using a TaqMan probe assay, the annealing temperature Ta was adjusted to 
optimize sensitivity and specificity.  
For quantification, standard curves were constructed by including reactions containing 10-fold 
dilution series of pDNA and/or gDNA of reference isolate CB002 per reaction (106 to 102 copies or fg 
per reaction) to each real-time PCR run. No-template control (NTC) reactions were included in which 
the DNA was substituted with MilliQ water. The manufacturers’ Sequence Detection System 
(SDS)(Life Technologies) was used to generate the amplification curves for each reaction. The 
quantification cycle values (Cq) were determined at a ΔRn of 0.1. 
4.2.4 Validation of specificity, sensitivity, intra- and inter-assay variance  
For the most optimal ITS assay, Ta was optimized for specificity and sensitivity. Three replicate 
TaqMan real-time PCR series were performed, following the same thermocycling profile as listed 
above, but at a Ta of 60, 62 or 64°C. Each PCR series consisted of three replicate reactions containing 
100 pg gDNA of the selected C. buxicola reference isolates and 100 pg gDNA of all non-C. buxicola 
isolates listed in Table 4.1. The Ta resulting in the best combination of sensitivity and specificity was 
selected for further use in real-time PCR reactions containing TaqMan technology. Additionally, a 
SYBR Green real-time PCR reaction series was conducted at a Ta of 60°C to test the specificity of the 
most optimal TUB assay. 
The intra-assay variance (repeatability) and the inter-assay variance (reproducibility) of the optimal 
ITS assay was determined in three independent real-time PCR reaction series, each containing six 
replicate 10-fold dilution series of gDNA and pDNAITS (10
6 to 102 fg gDNA or pDNAITS copies). To assess 
the sensitivity of the ITS assay at lower DNA concentrations, the detection threshold for gDNA and 
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pDNAITS was determined in a real-time PCR assay using six replicate dilution series of gDNA (1 000, 
200, 100, 50, 20 and 10 fg) and pDNAITS (1 000, 200, 100, 50, 20 and 10 pDNAITS copies). The lowest 
concentrations of gDNA and pDNAITS at which all six technical replicates were detected were defined 
as reliable limits of detection (LOD). 
4.2.5 Estimation of ITS copy number  
The ITS copy number was estimated by comparing the difference in the Cq values (ΔCq gen) between 
the linear regression curves obtained after real-time SYBR Green amplification of the single copy TUB 
and the multi-copy ITS using the same two replicate dilution series of gDNA (106-102 fg) and the most 
optimal TUB and ITS primers (Ta at 60°C). The difference in Cq values when performing the real-time 
PCR on the same two replicate dilution series of template copies (105 to 101 pDNAits and pDNAtub 
copies) was used to correct for possible differences in amplification efficiency (ΔCq plasmid). The ΔCq 
values were calculated at the average tested template level, where the standard deviation of the 
estimated Cq values was the smallest. The ITS copy-number per genome was calculated using the 
following equation (Debode et al., 2009): # ITS copies = 2(ΔCq gen – ΔCq plasmid) . C. buxicola conidia are 
two-celled, with one nucleus each (Crous et al., 2002; Henricot & Culham, 2002). The number of ITS 
targets per conidium can consequently be estimated as 2(ΔCq gen – ΔCq plasmid + 1). 
4.2.6 Detection and quantification of C. buxicola conidia in water samples 
To increase the sensitivity and sample size of the C. buxicola conidium detection assay in water, a 
centrifugation-based protocol was developed to concentrate the conidia in a smaller sample volume. 
Water samples of 100, 10 or 1 mL containing a known concentration of conidia were centrifuged for 
5 min at 6800 rcf using an Avanti J26XP Hi-Speed Centrifuge (Beckman-Coulter, Brea, CA). 90% of the 
volume was drained, and the pellet resuspended in the remaining 10% sample volume by vortexing. 
Preliminary assays determined a recovery rate (± stdev) of 95.5 ± 10.6 % (n=4) of the initial amount 
of conidia at each similar concentration step.  
To assess the LOD of conidia in water samples using the optimal ITS assay, three independent 
dilution series of 10 mL were established in 15 mL conical Falcon tubes (Corning), using rainwater 
collected at the research site (Merelbeke, Belgium) and containing total amounts of 10 000, 1 000, 
100, 10 or 0 conidia. Water samples taken in nurseries (for instance in water puddles or water drains) 
are often turbid, containing soil or debris that could interfere with the efficiency of sample 
preparation, DNA extraction and real-time PCR amplification. To simulate those conditions, three 
additional independent dilution series were created as described above, but with the addition of 100 
mg of field soil (Merelbeke, Belgium). The different water samples are hereafter referred to as ‘clear’ 
(no soil added) or ‘turbid’ (100 mg soil added). These samples were first concentrated to 1 mL 
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volumes as described above, transferred to 1.5 mL microcentrifuge tubes and concentrated a second 
time, resulting in a final volume of 100 µL. DNA was extracted from two replicate volumes using the 
most optimal DNA extraction kit (see Results section). Two technical replicates of 5 µL DNA sample 
from a total elution volume of 100 µL were submitted to real-time PCR analysis using the optimal ITS 
assay and the optimized thermocycling conditions.  
The detection protocol for water samples was tested using water samples collected at a stand of C. 
buxicola-infected B. sempervirens ‘Suffruticosa’ plants at a mock nursery in Destelbergen (Belgium). 
Four open plastic containers (20 x 30 x 5 cm) were placed at 50 cm distance from rows of 
symptomatic plants prior to a predicted period of rain. The water from each container was collected 
the next day. Subsamples (100 mL) were processed using the protocol described above, except that 
the 100 mL subsamples were concentrated to 1 mL in a single centrifugation step, using 175 mL 
conical Falcon tubes (Nunc, Langenselbond, Germany). 
4.2.7 Detection and quantification of C. buxicola conidia in air samples 
Air sampling was conducted using a Burkard 7 day recording volumetric spore trap (Burkard 
Manufacturing, Hertfordshire, United Kingdom) with the standard orifice. Melinex tape was thinly 
layered with a 5:1 (v:v) mixture of white vaselin (VWR International, Leuven, Belgium) and paraffin oil 
(VWR International) as done for standard sampling, cut in pieces representing 12 hours of sampling, 
spiked with 10 µL of C. buxicola conidial suspensions and allowed to dry. Three replicate independent 
dilution series were established, resulting in 1 000, 100, 10 or 0 conidia per tape piece. The 
fragments were transferred into 2 mL microcentrifuge tubes with the coated surface facing the 
centre of the tube and approximately 200 mg of 0.5 mm Zirconia/Silica beads (BioSpec Products, 
Bartlesville, OK) were added. DNA was extracted using the most optimal DNA extraction kit following 
the manufacturers’ instructions, except for the addition of three bead beating cycles at 10 min 
intervals during the lysis phase. Each cycle consisted of 2 x 30 s bead beating at 30 Hz using an 
MM301 bead beater (RETSCH Technology). Two technical replicates of 5 µL DNA sample of a total 
elution volume of 50 µL were submitted to real-time PCR analysis using the optimal ITS assay and 
optimized thermocycling conditions. 
The detection protocol for air samples was tested using samples collected at the same stand with C. 
buxicola-infected boxwood plants (see protocol for water samples above). The Burkard spore trap 
was placed in the centre of the field and allowed to sample continuously for 7 days. Samples were 
processed as described above. 
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4.2.8 Detection and quantification of C. buxicola mycelium in infected plant 
samples 
Twigs from healthy 2-year-old B. sempervirens plants were collected and submerged for 10 sec in a 
104 C. buxicola (isolate CB002) conidia mL-1 suspension. Twigs submerged in sterile water served as 
healthy controls. All plant material was incubated at 20°C in covered plastic boxes of 25 x 40 cm 
containing moist Wypall wipers (Kimberly-Clark, Roswell, GA, United States). Seven days post 
inoculation, 20 g of 100% necrotic leaves and 20 g of non-inoculated leaves were collected, hereafter 
referred to as 100% infected and 100% non-infected leaf material, respectively. Each leaf sample was 
separately blended in 200 mL 0.1 Tris-HCl buffer (pH 8) using a GM200 mixer (RETSCH Technology) at 
10 000 rpm for 5 min. To determine the detection limit of C. buxicola in infected plant materials two 
independent dilution series were established. In each series, 2 mL of the blended 100% infected 
material was serially diluted with 18 mL of the blended 100% non-infected material, creating samples 
with 100% (106 ppm) to 0.0001% (100 ppm) infected leaf material. One mL of each sample was 
centrifuged for 2 min at 20 000 rcf and DNA was extracted from the pellet using the most optimal 
DNA extraction kit (see Results section), following the manufacturer’s instructions. The total DNA 
concentration (plant + pathogen) was quantified using a Nanodrop spectrophotometer. The 
maximum amount of template DNA that could be used in the real-time PCR without interference 
from co-extracted PCR-inhibiting compounds was determined by adding 1, 10 and 50 ng of total 
gDNA of the 104 and 102 ppm samples as template in the ITS Taqman real-time PCR assay in duplicate 
and comparing the theoretical with the observed Cq values. To determine the detection threshold of 
C. buxicola in infected plant material, the amount of C. buxicola DNA was quantified using two 
replicate real-time PCR reactions and the maximum allowed amount of extracted DNA sample.  
The detection protocol for plant samples was applied on relatively large samples (20 g) collected 
from asymptomatic plants or symptomatic, naturally infected plants.  All plant material was obtained 
from Herplant BVBA (Beerse, Belgium). The samplings were performed at least six months after the 
last fungicide application. As symptomatic plants, we used the naturally infected detectorplants of  
host susceptibility experiment 1, following the last evaluation (69 dpi) (Chapter 6 for experimental 
design, Appendix Table 1 for % diseased leaves). The following Buxus species and cultivars were 
selected, based on their distinct differences in C. buxicola lesion size and % diseased leaves: B. 
sempervirens, B. sempervirens ‘Suffruticosa’, B. microphylla ‘Faulkner’, B. microphylla ‘Trompenburg’. 
From each species or cultivar, three leaf + twig samples (A-B-C) were taken: plant material from 
asymptomatic plants (A), asymptomatic portions of diseased plants (B), and symptomatic plant 
material from diseased plants (C). The asymptomatic and symptomatic plants originated from 
different, spatially separated fields. Each sample was processed as described above 
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4.3 Results 
4.3.1 Primer design and evaluation 
The QPP kit was selected for DNA extraction of fungal mycelium for the validation of the real-time 
PCR assays, as it yielded a large amount of high-quality DNA and had favorable labor and material 
costs (data not shown). When targeting the ITS regions, a TaqMan MGB Probe was essential to 
obtain sufficient specificity between different Cylindrocladium species. During the preliminary test, 
the ITS primer pair / TaqMan assay F494 (5’-CGTCATTTCAACCCTCAA-3’)/MGB539 (5’-6FAM-
ATCGGCAGAGCGTCCT-MGB-3’)/R621 (5’-GGTGTATTACTACGCAGAG-3’) and the TUB primer pair F250 
(5’-GTGCGTAAGTGCTCAATC-3’)/R462 (5’-TACATACCTCGTTGAAGTAGA-3’) eventually proved superior 
both in terms of sensitivity and specificity (data not shown) and were therefore selected for further 
evaluation. 
4.3.2 Validation of specificity, sensitivity, intra- and inter-assay variance 
Results of the specificity testing are listed in Table 4.2. Using the ITS TaqMan assay 
F494/MGB539/R621 at Tas of 60, 62 and 64°C, 100 pg of C. buxicola gDNA was detected at mean Cq 
values ± stdev of 22.8 ± 0.0, 23.0 ± 0.2 and 28.3 ± 0.7, respectively. The amplification efficiency E, 
calculated using the slope of the regression curve of an internal 10-fold dilution series of pDNA, was 
clearly inferior (E = 0.55) at 64°C compared to the amplification efficiencies at annealing 
temperatures 60°C (E = 0.95) and 62°C (E = 0.88). No amplification (Cq > 40) was observed in NTC 
reactions or in reactions containing gDNA of non-target organisms, with the exception of C. 
parasiticum, which was detected at Cq values of 28.2 ± 0.0 (Ta 60°C) and 29.7 ± 0.2 (Ta 62°C). The ITS 
TaqMan assay, however, proved to be 47 (Ta 60°C) and 113 (Ta 62°C) times less sensitive for C. 
parasiticum gDNA than for C. buxicola gDNA (isolate CB002), respectively. The Ta 62°C resulted in the 
highest specificity in combination with good amplification efficiency, and was therefore integrated in 
the thermocycling profile when using the ITS TaqMan assay in further research. Using the TUB SYBR 
Green assay F250/R462, the 100 pg gDNA of the different C. buxicola isolates was detected at an 
average Cq value ± stdev of 24.7 ± 0.2 (E = 0.84). Although the TUB SYBR Green assay was about 4 
times (ΔCq ≈ 2, Ta 60°C) less sensitive than the ITS TaqMan assay, the TUB SYBR Green assay proved 
to be more specific, with Cq values > 40 for all NTC reactions or reactions containing gDNA of the 
listed non-target organisms. 
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Within each of the three real-time PCR runs on the dilution series of gDNA and pDNA, the six 
replicates were highly similar at each template level (coefficients of variation [CVs] < 3%), indicating 
low intra-assay variance. The CVs between the average Cq values of the three real-time PCR runs 
were smaller than 5% at each template level, demonstrating low inter-assay variance. Highly linear 
correlations (R² > 0.99) were found between the log of the DNA concentration and the Cq values in 
each of the three replicate real-time PCR runs. Standard curves based on the average Cq values of the 
three independent real-time PCR runs are shown in Figure 4.1A and 4.1B for gDNA and pDNA, 
respectively. As the slope of the standard curves was not significantly different for pDNA template 
versus gDNA template (P = 0.20, two-sided student’s t-test) pDNA can be used reliably for the 
assembly of standard curves and thus the quantification of C. buxicola in unknown DNA samples. 
Based on the two regression equations, an estimated 818 ITS target copies are present per pg of C. 
buxicola gDNA.  
Real-time PCR assays with small amounts of gDNA and pDNAITS revealed that the ITS Taqman assay 
reliably detected 10 fg of gDNA (mean Cq value ± stdev of 37.4 ± 1.0) and 20 targets pDNAITS (mean Cq 
value ± stdev of 37.0 ± 1.0). Although 4 out of 6 real-time PCR reactions containing 10 targets pDNAITS 
produced amplicons (mean Cq value ± stdev of 38.8 ± 0.4), this was not considered to be a reliable 
detection threshold, which we define as 6 out of 6 real-time PCR reactions with positive 
amplification. 
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TUBc construct (SYBR Green)
Organism Isolate code 60°C 62°C 64°C 60°C
C. buxicola CB002 22.73 ± 0.08 22.87 ± 0.06 27.87 ± 0.19 24.61 ± 0.09 
C. buxicola CB045 22.79 ± 0.10 22.92 ± 0.04 27.86 ± 0.22 24.68 ± 0.03
C. buxicola RHS PT25 22.77 ± 0.06 23.15 ± 0.15 29.13 ± 0.57 24.92 ± 0.09 
C. colhounii Ccol001 >40 >40 >40 >40
C. parasiticum d Cpara002 28.28 ± 0.04 29.69 ± 0.22  NAe >40
C. pauciramosum Cpauc001 >40 >40 >40 >40
C. scoparium Cscop001 >40 >40 >40 >40
A. westerdijkiae ASP >40 >40 >40 >40
B. cinerea PCF1080 >40 >40 >40 >40
C. acutatum PCF721 >40 >40 >40 >40
C. halotolerans CLA >40 >40 >40 >40
F. oxysporum PSKW2 >40 >40 >40 >40
P. chrysogenum KVP201 >40 >40 >40 >40
Trichoderma sp. TRI >40 >40 >40 >40
V. nonalfalfae Va1 >40 >40 >40 >40
V. buxi VB005 >40 >40 >40 >40
V. dahliae Ve005 >40 >40 >40 >40
a -3.41 -3.65 -5.29 -3.78
38.54 39.88 53.6 36.35
 0.998 0.999 0.998 0.997
Cq values (100 pg gDNA)
a
ITSb construct (Taqman)
b
R²
Tabel 4.2 Cq values (mean ± standard deviation, n = 3) of real-time PCR amplifications testing the specificity of the ITS Taqman assay F494/MGB539/R621 (annealing temperatures 60, 62 and 
64 °C) and the TUB SYBR Green assay F250/R462 (annealing temperature 60 °C) for Cylindrocladium buxicola target DNA. Standard curves (Cq value = a x log(target copies) + b) were 
constructed by including reactions containing 10-fold dilution series of pDNA of reference isolate CB002 per reaction (10
6
 to 10
2
 copies per reaction) 
 
 
 
 
 
 
 
 
 
 
 
a
 Cq>40 was considered as the cut off value 
b
 Tested independently with 100 pg gDNA of CB002 as internal reference. Not conducted at annealing temperature 64°C. 
c
 NA = data not available. See footnote b. 
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4.3.3 Estimation of ITS copy number 
Linear regression curves from SYBR Green real-time PCR reactions using the ITS SYBR Green assay 
F494/R621 and the TUB SYBR Green assay, and 10-fold dilutions of gDNA or pDNA of reference 
isolate C. buxicola CB002 as templates are also shown in Figure 4.1A and 4.1B respectively. The 
simultaneous amplification of the same number of pDNAITS and pDNATUB targets demonstrated highly 
similar efficiencies of both primer sets, with the TUB SYBR Green assay being slightly more efficient 
(Δ Cq plasmid = 0.25 at log(target copy number) = 4). Melting curve analysis on the pDNA samples 
used in this SYBR Green real-time PCR assay revealed mean ± stdev melting temperatures of 84.3 ± 
0.2 °C (n=8) for the ITS fragment and 83.7 ± 0.1 °C (n=8) for the TUB fragment. Using gDNA as 
template, the ITS SYBR Green assay produced lower Cq values than the TUB SYBR Green assay (Δ Cq 
gen = 6.0 at log (fg gDNA) = 4), making the ITS SYBR Green assay about 64 times more sensitive. 
Based on the differences in Cq values when amplifying gDNA and pDNA, each C. buxicola genome 
contains an estimated 75.6 ITS tandem repeats (# ITS copies / genome = 2(ΔCtgen – ΔCtplasmid)). 
Theoretically, each conidium should therefore contain an estimated 151 ITS targets(# ITS copies / 
conidium = 2(ΔCtgen – ΔCtplasmid+1)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Linear regression curves from TaqMan real-time PCR reactions (Ta = 62°C) using the assay F494/MGB539/R621 
and SYBR Green real-time PCR reactions (Ta = 60°C) using the assays ITS F494/R621 and TUB F250/R462. Assays were 
conducted using either genomic DNA (A) or cloned target DNA (B) from reference Cylindrocladium buxicola isolate CB002. 
Error bars represent standard deviations from three real-time PCR runs with 6 replicates each (ITS TaqMan) or two replicate 
runs (ITS SYBR and TUB SYBR). 
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4.3.4 Detection and quantification of conidia in water samples 
The PS kit was selected for DNA extraction of C. buxicola conidia in clear as well as turbid water 
samples, as this kit resulted in the highest recovery during preliminary DNA extraction and real-time 
PCR tests (data not shown). To simplify handling, lysis buffer and beads were added directly to the 2 
mL microcentrifuge tubes. The remaining part of the protocol was performed following the 
manufacturer’s instructions. 
Strong linear correlations (R² > 0.99) were found between the Cq values and the log amount of initial 
conidia, both for the clear and turbid water samples (Figure 4.2a). In clear water samples, 1 conidium 
mL-1 water (= 0.5 conidium-equivalents or 1 genome-equivalent per real-time PCR reaction) was 
detected at a Cq value ± stdev of 33.4 ± 0.1, representing 59.9 ITS targets based on the internal pDNA 
standard curve (Cq = -3.5 x log (target copy number) + 40.4; R² > 0.99). Although the sensitivity in 
turbid samples was about 4 times lower than detection in clear water samples (Δ Cq = 2.05 at log (# 
conidia)= 2.5), 1 conidium mL-1 water sample could still be detected at a Cq value ± stdev of 35.7 ± 
0.3, representing 13.8 ITS targets. 
Substantial amounts of C. buxicola DNA were detected in all the water samples (Table 4.3), 
translating to an average ± stdev (n=4) of 7155.5 ± 4654.5 conidium equivalents per 100 mL water. 
4.3.5 Detection and quantification of conidia in air samples 
Yielding the highest recovery of template DNA during preliminary tests, the DP kit was selected for 
DNA extraction of C. buxicola conidia in air samples (data not shown). A strong linear correlation (R² 
> 0.99) was found between the Cq values and the log amount of initial conidia (Figure 4.2b). Ten 
conidia per Melinex tape fragment (1 conidium-equivalent or 2 genome-equivalents per real-time 
PCR reaction) were detected at a Cq value ± stdev of 33.6 ± 0.3, representing 90.6 ITS targets (45.3 ITS 
targets per genome-equivalent) based on the internal standard curve (Cq = -3.5 x log (target copy 
number) + 39.7, R² > 0.99).  
In only 4 out of 14 tape fragments representing the air samples, C. buxicola could be detected above 
the reliable LOD level. Those four air samples contained only small amounts of C. buxicola DNA, 
translating to an average ± stdev (n=4) of 6.2 ± 3.6 conidium equivalents per 12 h of air sampling 
(Table 4.3). 
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Table 4.3 Quantification of Cylindrocladium buxicola (# conidium equivalents) in water and air samples taken from a field 
with symptomatic Buxus sempervirens 'Suffruticosa' plants. Water samples (rain and rain splash) were taken in four 
containers (A-D), 1 day after placement. Continuous air sampling at 10 L /min was conducted for 7 days, represented by 14 
consecutive sampling periods of 12 h (samples 1-14) 
Water samples (100 mL)   Air samples (7200 liter)a 
Container # conidium equivalents   Sampling period (12 h) # conidium equivalents 
A 13 231.7   1 4.9 
B 6 119.3   2 4.5 
C 7 311.7   5 3.8 
D 1 961.6   14 11.5 
a 
Only air samples with a detection higher than the reliable LOD (2.2 conidium equivalents) were included 
4.3.6 Detection and quantification of mycelium in infected plant samples 
Following preliminary tests, the ISP kit yielded the highest amounts of C. buxicola DNA per total DNA 
extracted (data not shown), and was therefore selected for DNA extraction from plant samples. No 
inhibition or non-specific amplification reactions were observed when 1 to 50 ng of total DNA (host + 
pathogen gDNA) from infected leaf material was used per PCR reaction. The addition of 50 ng of total 
gDNA was therefore selected for further use. Strong linear relationships (R²>0.99) were observed 
between the Cq values and the log (ppm infected plant material) when the gDNA extracts of the 
samples with different ratio’s of infected material were real-time PCR amplified using both the ITS 
TaqMan and the TUB SYBR Green assays (Figure 2c). Using the ITS TaqMan assay, the lowest tested 
proportion of 1 ppm of infected leaf material was reliably detected at a Cq value ± stdev of 32.4 ± 0.4. 
When using the TUB Sybr Green assay, 10 ppm of infected leaf material was reliably detected at a Cq 
value ± stdev of 30.6 ± 0.1. Detection of 100% infected leaf material (106 ppm) was possible with 
both assays, but at about 1 Cq value higher than expected based on the regression curves of the 
remaining data points (Cq 13.7 versus 12.6 for the ITS TaqMan assay and Cq 16.5 versus 15.7 for the 
TUB SYBR Green assay). As this is likely the effect of co-extracted PCR inhibitors present in large 
amounts in 100% infected plant material, these points were not included in the regression. All of the 
samples originating from asymptomatic plants (A-samples) tested negative (Cq > 40) for the presence 
of C. buxicola (Table 4.4). All of the samples including symptomatic plant material (C-samples) tested 
positive for C. buxicola, with gDNA amounts ranging from 125 fg (B. microphylla ‘Trompenburg’, with 
very low disease severity) to 194 824 fg (B. sempervirens ‘Suffruticosa, with high disease severity) per 
50 ng of total gDNA (C. buxicola + Buxus host). Presence of C. buxicola DNA was detected in the 
asymptomatic plant samples obtained from diseased plants (B-samples) from the cultivars B. 
sempervirens ‘Suffruticosa’ (443 fg), B. sempervirens (288 fg) and B. microphylla ‘Trompenburg’ (79 
fg).  
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Figure 4.2 Quantitative detection of Cylindrocladium buxicola in ‘clear’ (no soil added) and ‘turbid’ (100 mg soil added) water 
samples (a), on Melinex tape fragments used for air samples (b) and in plant samples (c), following optimized sample processing and 
DNA extraction protocols and using either the ITS TaqMan construct F494/MGB539/R621 (Ta = 62 °C) (a, b, c) or the TUB SYBR Green 
construct F250/R462 (Ta = 60°C) (c) in real-time PCR assays. Error bars represent standard deviations from two (c) or three (a, b) 
independent DNA extractions. 
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Sample
type
B. microphylla A No symptoms No symptoms >40 < 3
'Trompenburg' B Very low No symptoms 35.1 ± 0.7 79 ± 30
C Very low Very low 34.3 ± 0.3 125 ± 20
B. microphylla A No symptoms No symptoms >40 < 3
'Faulkner' B Low No symptoms >40 < 3
C Low Low 30.0 ± 0.1 1 532 ± 78
B. sempervirens A No symptoms No symptoms > 40 < 3
B Medium No symptoms 33.2 ± 1.6 288 ± 235
C Medium Medium 26.0 ± 0.1 16 557 ± 370
B. sempervirens A No symptoms No symptoms > 40 < 3
'Suffruticosa' B High No symptoms 32.6 ± 1.9 443 ± 410
C High High 21.8 ± 0.3 194 824 ± 39 124
Cultivar
Severity of symptoms on 
sampled plants
Severity of symptoms on 
plant samples
Ct-value ± stdev (n=2) gDNA (fg)a ± stdev (n=2)
 
 
 
 
 
 
 
 
 
 
 
a
 Amount of C. buxicola gDNA detected per 50 ng of total DNA (host plant + C. buxicola gDNA) 
b
 The severity scoring ‘High’ to ‘Very low’ was based on a visual assessment of the symptoms. Plants in the corresponding classes were scored for % diseased leaves as well as average size of 
the lesions (as a percentage of the total area of a leaf). These data were used to calculate the estimated percentage of diseased leaf area and roughly corresponded to 25% for ‘High’, 2.5% for 
‘Medium’, 1.25% for ‘Low’, 0.5% for ‘Very Low’, and 0% for ‘No symptoms’ scores. 
Table 4.4 Detection of Cylindrocladium buxicola in plant samples of four different Buxus cultivars using the ITS TaqMan construct (Ta 62°C). Plant samples without (A-B) or with symptoms (C) 
were collected from asymptomatic plants (A) or diseased plants (B-C). 
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4.4 Discussion and conclusions 
Reliable detection and quantification of C. buxicola in boxwood tissue and in environmental samples 
requires a quantitative technique that is both specific and sensitive. This research focused on the 
development and validation of real-time polymerase chain reaction (real-time PCR) assays and their 
applicability in detecting C. buxicola in Buxus plant material and C. buxicola conidia in water and air 
samples.  
Candidate primers and TaqMan probes were designed based on the alignments of GenBank 
sequence data. The TUB sequences displayed a considerable number of interspecific polymorphisms, 
allowing the design of several potential C. buxicola-specific primers. When using the Basic Local 
Alignment Search Tool (BLAST) with the TUB sequence of our reference C. buxicola isolate CB002 as 
input sequence, only 91% (Score 695) and 84% (Score 499) similarity was found with the two most 
closely related Cylindrocladium species, Cylindrocladium multiphialidicum (GenBank accession code 
AY725628) and Cylindrocladium naviculatum (GenBank accession code GQ267211), respectively 
(Lombard et al., 2010a). As the majority of the candidate primer pairs were specific with the species 
tested, primers F250/R462 were selected based on their superior sensitivity. In contrast with the TUB 
sequences, little interspecific variability was found between the ITS sequences of the 
Cylindrocladium/Calonectria species, strongly limiting the options for developing specific primers 
using this target. When performing a BLAST using the ITS sequence of CB002 as input, 99 and 98% 
similarities (Scores > 900) were found with almost all GenBank submissions of 
Cylindrocladium/Calonectria ITS sequences. Only one C. buxicola-unique feature for specific 
primer/probe design was found in the ITS sequence alignment; bp 351 of GenBank accession 
HM749646. Creating a TaqMan MGB probe covering this unique single-nucleotide polymorphism 
(SNP) was considered to be the best chance to create sufficient specificity (Kutyavin et al., 2000). 
Eventually, the non-specific ITS primers F494 and R621 were combined with the TaqMan MGB probe 
MGB539, as this combination yielded the highest specificity and sensitivity.  
A SYBR Green real-time PCR assay using the ITS and TUB primers simultaneously on the respective 
plasmid DNA dilution series and the same genomic DNA dilution series allowed an estimation of the 
relative number of ITS target copies and TUB target copies. As TUB is a single copy gene, this allowed 
calculation of the number of ITS targets per C. buxicola genome. This number was 76, which is similar 
to higher in comparison to other studies in which the fungal ITS copy number was determined. Alaei 
et al. (2009) estimated 80 ITS targets per haploid genome of the rust Puccinia horiana, while in 
Colletotrichum acutatum, the ITS copy number was estimated at 19.7 (Debode et al., 2009). Because 
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of the estimated 76 ITS tandem repeats, an ITS based real-time PCR assay has the potential to be far 
more sensitive than any real-time PCR assay using a single copy gene such as TUB. 
The selected TUB primers were highly specific, as no amplification (Cq > 40) was observed when 
adding a large amount of template (100 pg gDNA) of the non-target organisms. It is possible that the 
phylogenetically most closely related Cylindrocladium species, C. multiphialidicum (Lombard et al., 
2010a) (GenBank accession code AY725628;) might give some degree of amplification (only 1 
mismatch to F250 primer: 5’-GTGCGTAAGT(A)CTCAATC-3’). It is highly unlikely, however, to find C. 
multhiphialidicum in the same ecological niche as C. buxicola. To our knowledge, this species has only 
been described in soils surrounding the root systems of Musa spp. in Cameroon (Crous et al., 2004). 
In addition, melting curve analysis should help differentiate these two species. 
When testing the specificity of the ITS Taqman assay F494/MGB539/R621 with the listed non-target 
organisms, 100 pg gDNA of C. parasiticum isolate Cpara002 was detected, but at a much higher Cq 
value (ΔCq ≈ 6.8 at Ta = 62°C). C. parasiticum only has one mismatched nucleotide with the TaqMan 
MGB probe, resulting in inefficient amplification but apparently not full specificity. This is also 
expected in other Cylindrocladium species that only have the identical 1-nucleotide mismatch, such 
as C. naviculatum and C. canadense. However, due to the reduced PCR efficiency these species would 
have to be present at high levels (only expected in infected plant samples) to give a false positive 
result, and this is not likely as they are not known to infect Buxus. C. colhounii, C. scoparium and C. 
pauciramosum all have an identical 2-nucleotide mismatch (bp 350-351 of GenBank accession 
HM749646), resulting in full specificity.  
The limit of detection (LOD) is commonly defined as the concentration that can still be detected with 
95% probability (Bustin et al., 2009). Theoretically, the lowest LOD is 3 target copies per PCR, 
assuming a Poisson distribution, a 95% chance of including at least 1 copy in the PCR reaction, and 
single-copy detection (Bustin et al., 2009). Using the average regression equations defined on the ITS 
TaqMan amplification results of dilution series of gDNA and pDNAITS, 818 ITS targets were estimated 
for each pg gDNA of C. buxicola, and 3 ITS targets consequently correspond to 3.7 fg of gDNA. Based 
on these concentrations of gDNA and pDNAITS and the average regression curves as shown in Figure 1 
these lowest LODs correspond to Cq-values of 38.0 and 38.4, respectively. In the real-time PCR 
reaction series, reliable LODs of 20 targets pDNAITS (mean Cq value of 37.0) and 10 fg of gDNA (mean 
Cq value of 37.4) were observed, which are in the range of the theoretical expectations. 
Based on the estimated multi-copy number and the similarity in efficiency of the developed ITS and 
TUB primers, LODs for pDNATUB and gDNA using the TUB SYBR Green assay can be estimated to be 20 
targets pDNATUB (theoretical Cq value 29.9) and 750 fg genomic DNA (theoretical Cq value 32.2 ). This is 
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in accordance with the SYBR Green assay (Figure 1), in which the TUB SYBR Green assay amplified 
100 pDNAtub (Cq value of 27.4) but not 10 pDNAtub (Cq value > 40) and 10
3 fg gDNA (Cq value of 31.7) 
but not 102 fg gDNA (Cq value > 40). 
In addition to the development of real-time PCR assays, we also developed methods to process plant, 
water and air samples of practical size. As the ITS real-time PCR assay was most sensitive, we decided 
to use this assay for the detection of C. buxicola conidia in environmental samples. The potential to 
detect the latent presence of C. buxicola in plant samples was tested using both the ITS TaqMan and 
TUB SYBR Green assays. The TUB SYBR Green assay is a less sensitive, but cheaper alternative. 
The concentration of C. buxicola conidia in water samples via centrifugation proved to be an efficient 
process, with approximately 95% recovery of conidia after each cycle. Although a 10 mL water 
sample from a puddle is already sizeable, it was possible to process even larger volumes of clear 
water samples, such as from rain traps, without significant loss of sensitivity. However, when water 
samples contain substantial fractions of soil (exceeding the 100 µL limit of the PS kit) it might be 
necessary to take subsamples. Alternatively, filtering the water sample through a 125 µm sieve might 
eliminate the larger soil particles without substantial loss of conidia. The developed sampling 
protocol proved to be very efficient in detecting conidia in water samples. The assay was very 
sensitive, with detection of a concentration of 1 conidium per ml in water samples (=  0.5 conidium 
equivalents  or one C. buxicola genome per PCR reaction) both in clear and turbid samples, at Cq 
values of 33.4 and 35.7, respectively. Although this sampling protocol has been specifically developed 
towards the detection of C. buxicola conidia in water samples for the purpose of researching short-
distance dispersal, it is possible to interpret ‘water samples’ more flexibly. For instance, 
contaminated pruning tools could be rinsed with water and these water samples could be analyzed 
to test the relative importance of this potential pathway of spread. Rinsing of bird feathers and feet 
or insects following contact with diseased Buxus plants could substantiate the claims of these 
animals being possible vectors of spread. 
Similar to water samples, we developed a protocol for processing air samples obtained using a 
Burkard volumetric spore trap. This protocol was applied on Melinex tape parts representing 12 hour 
sampling periods, as this tape length guaranteed a sufficient large sampling volume (7 200 L 12 h-1) 
while still allowing overlap-free placement of the tape fragment in the microcentrifuge tubes. In this 
assay, 10 conidia per tape fragment were reliably detected using the ITS TaqMan assay, at a Cq value 
of 33.9. Based on the calculated amount of ITS targets and the determined LOD for pDNAITS (Cq value 
37.0) however, this assay should be able to detect about 3 to 4 conidia per tape fragment.  
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In our tests with plant samples, leaves were mixed in a large volume of buffer to obtain a 
representative subsample from a relatively large sample (20 g). Eventually, each subsample 
contained 100 mg plant material, being 0.5% of the original plant sample, which is standard in 
comparable studies (Alaei et al., 2009). Using the ITS TaqMan real-time PCR assay and 50 ng total 
gDNA extract, C. buxicola could still be detected in plant samples in which only 1 ppm of the material 
was diseased, at a Cq value of 32.3. Although not tested, it should be possible to even detect 0.1 ppm 
infected plant material using the ITS TaqMan assay, as 10 fg gDNA was confirmed as a reliable LOD 
for gDNA at a Cq value of 37.4 (see above). This theoretical LOD of infected plant material in a plant 
sample seems superior in comparison with similar studies (Alaei et al., 2009; Debode et al., 2009) 
that report detection limits of 10 ppm of infected plant tissue. 100% infected leaf material was 
detected at a Cq value of 13.3, which was slightly higher than the theoretically calculated Cq value of 
12.6. This raise in Cq value was probably caused by co-extracted PCR inhibitors, which are present in 
larger concentrations in fully symptomatic plant material (Singh et al., 1998). For the analysis of such 
plant material, it may therefore be advised to use a smaller amount of plant material in the DNA 
extraction or to dilute the DNA in cases where quantitative data are required. The theoretical Cq 
value of 12.6 for fully symptomatic material corresponds to 34.5 ng C. buxicola gDNA, or 69% of the 
50 ng total gDNA (pathogen + plant host) used in the real-time PCR reaction. This high percentage of 
C. buxicola genomic DNA in diseased boxwood leaves is probably caused by the density of the 
mycelium and microsclerotia of C. buxicola in the infected tissues (Crous et al., 2002). 
As expected, the TUB SYBR Green assay was less sensitive, with a reliable detection limit of 10 ppm 
infected plant material, at a Cq value of 30.6 , which is in the range of the theoretically predicted LOD 
(750 fg gDNA, Cq value 32.2). Although less sensitive than the ITS TaqMan assay, using the TUB SYBR 
Green assay in combination with this plant processing protocol still seems to ensure a degree of 
sensitivity comparable to that in other studies with ITS based real-time PCR assays (Alaei et al., 2009; 
Debode et al., 2009). This is probably due to the relatively high proportion of C. buxicola DNA in 
diseased boxwood leaves and the relatively low amounts of PCR inhibitors allowing the addition of a 
high concentration of total gDNA.  
Because of differences in sensitivity and specificity, three real-time PCR assays were developed, 
validated and tested for their applicability. Each real-time PCR assay has advantages and 
disadvantages; the most appropriate assay depends on the needs at hand. If there is no requirement 
for complete specificity, for instance when working exclusively with C. buxicola under lab conditions, 
using the ITS SYBR Green assay F492/R621 is recommended because of its superior sensitivity and 
low cost. Possible applications using this assay include research toward the speed and extent of 
latent C. buxicola development following artificial inoculation of test plants. Different Buxus species 
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and cultivars and/or climatic conditions (temperature, relative humidity) could be tested, adding to 
the knowledge of host plant susceptibility and/or weather-dependency, respectively. Research 
towards the epidemiology of the pathogen depends on the processing of environmental air and 
water samples, in which case a certain degree of specificity is necessary. The developed ITS TaqMan 
assay has a very high sensitivity, combined with a good, although not perfect, specificity. It is 
doubtful, however, if this incomplete specificity has any repercussions on the utility of the TaqMan 
ITS assay for further use in scientific research. No Cylindrocladium species other than C. buxicola and 
C. ilicicola (Brayford & Chapman, 1987) has been reported on Buxus yet. Although the specificity of 
the ITS TaqMan assay has not been tested for C. ilicicola, this Cylindrocladium sp. (Genbank Accession 
Code FR694681) has the same 2-nucleotide mismatch which also guaranteed the specificity towards 
C. pauciramosum, C. colhounii and C. scoparium. Although it is theoretically possible that a 1-
mismatch Cylindrocladium sp., such as C. parasiticum, sporulates on nearby plants, it is very unlikely 
that environmental samples will get contaminated because very high concentrations are needed to 
reach their detection limit. However, we still recommend checking for potential host plants of those 
species in the vicinity of the research site and testing for infection with these Cylindrocladium 
species. Last, for diagnosis or for epidemiological research in which complete specificity is essential, 
we recommend using the TUB SYBR Green assay F250/R462. This assay comprises the best 
specificity, be it at lower sensitivity. Although this lower sensitivity is probably still sufficient to detect 
latent presence of C. buxicola in plants, it can miss marginal amounts of conidia in environmental air 
and water samples which limits its utility for performing epidemiology research. 
The applicability of the techniques to water, air and plant samples of practical size was 
demonstrated. Although such samples were only processed for that purpose in this chapter, the 
results reveal interesting preliminary data regarding the epidemiology of the pathogen. High 
concentrations of C. buxicola were demonstrated in all water samples while C. buxicola was only 
confirmed occasionally and at very low concentrations in air samples. These results indicate that C. 
buxicola is a water- rather than a wind-dispersed pathogen, consistent with assumptions in other 
publications (Henricot, 2006). Analysis of plant samples demonstrated the applicability of these tools 
to different Buxus species and cultivars, with a very good linear correlation between detected 
amounts of gDNA and disease severity, making this protocol also a useful tool for the quantification 
of disease development. In addition, we demonstrated that the protocol is able to detect C. buxicola 
in boxwood plants in latent stages of disease development. 
  
 
  
 
 
  
 
 
 
 
Chapter 5: 
Distances and pathways of Cylindrocladium 
buxicola dispersal 
  
  
 
  
 
Distances and pathways of dispersal 
105 
 
5.1 Introduction 
Maximizing the efficacy of cultural and chemical control measures depends on a better 
understanding of human-mediated and natural pathways of spread. Henricot (2006) suggested that 
primary spread of Cylindrocladium buxicola via wind-borne conidia was unlikely, as the conidia are 
contained in a sticky, gelatinous matrix. Literature, however, does mention windborne conidia in 
Cylindrocladium spp. (Mohanty et al., 2012; Yu & Elliot, 2014). Short-distance dispersal was 
suggested to occur via water (splashing water, runoff water or in wind-driven rain), contaminated 
tools, and animals such as birds and insects. All these claims, however, could not yet be 
substantiated by scientific research, due to the former inability to reliably verify the presence of C. 
buxicola in water, air and asymptomatic plant samples at high sensitivity. In addition to the 
ambiguities regarding the possible pathways of spread, no data are available on the relative 
importance of each pathway, their correlation with weather conditions and the distances over which 
they can occur. In Chapter 4, a protocol has been developed for the detection and quantification of 
C. buxicola conidia in water samples. These conidia may be present in water for several days before 
sampling. It is not known for how long C. buxicola conidia remain infectious in water, following 
dispersal, and to what extent the molecular quantification also resemble the actual concentration of 
conidia in older suspensions, as DNA content might increase or decrease though 
germination/mycelium development or degradation, respectively.  
This chapter is dedicated to the epidemiology of C. buxicola. The objectives were to determine and 
characterize the natural and human-mediated pathways of introduction and spread, and to better 
understand survival and reemergence of the pathogen at commercial nurseries. Two approaches 
were used to meet these objectives. First, practical water- and plant samples were sampled from two 
commercial production nurseries, and processed using the protocols and real-time PCR 
quantification assays developed in Chapter 4. Second, controlled in vivo and ex vivo experiments 
were conducted at a mock nursery setting or under laboratory conditions, respectively, to determine 
the pathways and distances of spread and their correlation with weather conditions, and the 
duration of infectivity of conidia suspended in water. 
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5.2 Materials and methods 
5.2.1 Plant material, conidia production and plant inoculation 
All plant material (3-year-old B. sempervirens ‘Suffruticosa’ plants, 1.5L pot size) was obtained from 
Herplant BVBA and visually confirmed to be free of C. buxicola symptoms. The tests were conducted 
at least six months after the last fungicide application, to prevent undesirable interactions with 
possible fungicide residues.  
Conidial suspensions of C. buxicola reference isolate CB002 were obtained as described in Chapter 2. 
Inoculum plants were produced as follows. B. sempervirens ‘Suffruticosa’ plants were spray-
inoculated using 100 mL m-² of a 2 x 104 conidia mL-1 solution and a pressurized spray bottle 
(Birchmeier Sprühtechnik AG). To obtain the correct spray volume per surface area covered by the 
plants, the flow rate of each spray bottle was determined prior to each inoculation and used to 
determine the spraying time per unit of area. Inoculateds plant were immediately placed in plastic 
tunnels on top of wet capillary textile matting. Plants were incubated for 7 days under conducive 
conditions for infection (22°C, near 100% RH), and an additional 7 days under slightly lowered 
humidity and temperature (20°C, 80-90% RH ), to promote in vivo sporulation. Percentages of 
diseased leaves of about 40% were obtained on the inoculum plants. C. buxicola sporulation was 
visible as a white powder on the abaxial side of the diseased leaves. The inoculum plants were 
handled with care during positioning, to prevent the diseased leaves from dropping.  
5.2.2 Detection of C. buxicola in nursery plants and water samples 
The sample processing protocols and ITS TaqMan real-time PCR assay we developed and validated in 
Chapter 4 were used to screen plant and water samples from nurseries for the presence of C. 
buxicola. A total of eight sites belonging to two commercial nurseries (Flanders, Belgium) were 
selected for plant sampling. Selection was based on production characteristics, Buxus cultivar and 
box blight history (Table 5.1). In addition, six sites were selected for water sampling, criteria being 
the role of the site in the irrigation/drainage system, and the proximity to symptomatic plants (Table 
5.1). The selected sites were sampled at three occasions during the 2013 growing season (May 2, 
June 29, August 16). Weather data of the days preceding these sampling dates were obtained via 
METiNET (https://Metinet.pcainfo.be), a network for agro-meteorogical data in Flanders.  
At each plant sampling site and when available, three types of leaf and twig samples (A-B-C) of about 
100 g each were arbitrarily collected: (A) symptomatic plant material (from diseased plants), (B) 
asymptomatic plant material (from diseased or non-diseased plants), (C) dropped leaves from the 
leaf litter. To test the viability and sporulating potential of C. buxicola detected in dropped leaf 
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samples, we incubated a portion of the sample in sealed plastic boxes under conditions conducive for 
sporulation (near-UV light, 18°C, near-100% humidity). At the water sampling sites, the water of 
interest was intensely stirred and a 100 mL sample was collected. Each sample was processed and 
DNA was extracted drom duplicate samples as described in Chapter 4 (4.2.1.). 
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Table 5.1 Sites slected at two commercial nurseries for plant and water sampling. 
 a
 With indication of pot volume (container plants) or plant height ( open field grown plants)
 
b
 Time of most recent observation of box blight by nurserymen 
c
 NR = Not relevant, as the possible presence of conidia is not dependent on the presence of symptomatic plants in the near proximity 
d
 Used as overflow for the drainage system in case of abundant rain. Stagnant water was observed during all sampling dates.  
Plant sampling site Cultivara  
Production characteristics 
Box blight history b 
Irrigation Cultivation 
PS1 B. sempervirens 'Rotundifolia' (3 L) sprinkler-irrigated outdoor container  2012 
PS2 B. microphylla 'Faulkner' (1.5 L) sprinkler-irrigated outdoor container  never observed 
PS3 B. sempervirens (50 cm) not irrigated open field production 2012 
PS4 B. microphylla 'Faulkner' (50 cm) not irrigated open field production 2012 
PS5 B. sempervirens (2m) not irrigated open field production 2011 
PS6 B. sempervirens (2m) not irrigated open field production 2010 
PS7 B. sempervirens (15 L) sprinkler-irrigated greenhouse container never observed 
PS8 B. sempervirens (15 L) sprinkler-irrigated greenhouse container never observed 
Water sampling 
sites 
Description  Proximity of symptomatic plants c 
WS1 Open drain between outdoor container fields >20m  
WS2 Open drain between outdoor container fields >20m 
WS3 Open drain between outdoor container fields < 1 m (PS2) 
WS4 Tap sprinkler irrigation system NR c 
WS5 Open gutter next to open field production 10 m (PS4) 
WS6 Ditch, located centrally at the nursery 
d >20m 
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5.2.3 Natural dispersal of C. buxicola  
The mock nursery container field was located at PCS (Destelbegen, Belgium) and consisted of non-
infiltrating growing surfaces slightly sloped towards a central gutter (Figure 5.1). A series of in vivo 
experiments were conducted to determine the plant-to-plant distance and pathways of spread, in 
which we monitored C. buxicola dispersal between a centrally placed inoculum source (three B. 
sempervirens ‘Suffruticosa’ plants, inoculated and incubated for sporulation as described above) and 
concentric circles of pathogen-free detector plants. The weather conditions were logged, to 
determine their effects on C. buxicola dispersal and development. 
In a first type of experiment, we determined the maximum distance of plant-to-plant spread. Circles 
of detector plants were placed either in contact (9 detector plants), or at distances of 10 cm (15 
detector plants) or 20 cm (21 detector plants) from a central inoculum source (Figures 5.1A- 5.1 C) 
Five replicate sets of single circles were constructed per distance. In addition, three replicate sets of 
combined circles were constructed (9 + 15 +21 detector plants), creating high plant densities while 
still maintaining the distances used in the single circles (Figure 5.1D). The plant-to-plant spread in the 
single and combined circles were simultaneously tested in a complete randomized design, 
maintaining distances of 3 m between the centers of the circles. Every three to five days, the 
percentages of diseased leaves were determined for all detector plants by counting the number of 
diseased leaves and expressing them as a percentage of the average total leaf number, determined 
on five plants at the onset of the experiment. This experiment (dispersal experiment 1) was 
maintained for 47 days.  
In a second type of experiment, the relative importance of possible pathways of natural spread was 
investigated: 1) aerial dispersal; 2) direct plant-to-plant water mediated splash dispersal (‘direct 
splash dispersal’); 3) indirect runoff water mediated splash dispersal (‘indirect splash dispersal’). To 
do this, dispersal from a centrally placed inoculum source to a concentric circle of 15 detector plants 
(10 cm distance) was monitored, while selectively blocking different pathways. The possibility of 
indirect splash dispersal was selectively blocked by covering the ground surface surrounding the test 
circle with a 5 cm thick layer of pine bark (B+ of B-, for the presence or absence of pine bark, 
respectively). To block (or at least hinder) aerial and direct splash dispersal, plastic cylinders (40 cm 
diameter, 60 cm height) were placed between the inoculum- and detector plants (C+ or C-, for the 
presence or absence of a cylinder, respectively). These cylinders were open at two ends while a 2 cm 
gap was maintained between the ground surface and the cylinder, allowing the formation of a 
conidia-enriched water film through rain events and, consequently, indirect splash dispersal. The 
bark layer and cylinder were also combined (B+/C+) to, theoretically, block all possible pathways of 
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spread (Figure 5.1E). In addition to the detector plants surrounding the inoculum sources in 
concentric circles, eight groups of three detector plants were placed in the central gutter, to test the 
dispersal over a longer distance (2 m) (Figure 5.1E). Four days after the experiment started, all 
detector plants were uniquely labeled, including the side of the plant that was directed towards the 
central inoculum source. Subsequently, plants were collected and incubated for seven days under 
controlled conditions (near-100% humidity, 20°C) to promote disease expression, and the % diseased 
leaves was determined for each detector plant. For each selective blocking combination (B-/C-; B+/C-
; B-/C+; B+/C+) four replicate sets of circles were constructed, two at each side of the central gutter. 
The experiment was repeated three times during the growing season of 2013 (dispersal experiment 
2A: June 6-10; experiment 2B: June 20-24; experiment 2C: June 27 – July 1).  
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Figure 5.1 In vivo experiments investigating the natural spread characteristics of C. buxicola, performed at a mock nursery setting. A-D) 
Experiment type 1: Concentric circles of detector plants, at different distances from three centrally placed inoculum plants (A: 0 cm, B: 10 
cm, C: 20 cm, D: 0 + 10 + 20 cm);  E) Experiment type 2: Concentric circles of detector plants, at 10 cm distance of three centrally placed 
inoculum plants, with or without selective blocking of possible pathways of spread using cylinders and/or pine bark. Detector plants (8 x 3) 
were also placed in the central gutter, to quantify dispersal over a longer distance (2 m).  
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5.2.4 Infectivity of C. buxicola conidia in water 
A conidial suspension of 105 conidia mL-1 in water was prepared as described above. This solution 
was divided into three equal volumes, and each of those volumes incubated in the dark at 4, 12 and 
20°C. Following 0, 1, 2, 4 and 7 days of incubation, 20 mature and 20 young B. sempervirens 
‘Suffruticosa’ leaves per combination of incubation temperature and time point were dipped in these 
solutions, and incubated for 7 days (near-100% humidity, 20°C) to promote lesion development. 
Subsequently, each leaf set was mounted between glass plates with the abaxial side up and 
photographed together with a reference ruler above high contrasting blue paper. The percentage 
diseased leaf area of each leaf set (20 leaves) was assessed quantitatively using the ASSESS disease 
quantification software (The American Phytopathological Society, St.-Paul, MN). Subsamples of the 
different conidial suspensions were observed using a light microscope, to correlate infectivity with 
visual conidia germination and degradation. For quantification purposes, two replicate 10-fold 
dilution series of conidia (105 tot 102) were prepared, starting from the initial conidial solution (0 days 
of incubation). Two replicates of 100 µL were sampled from these diluted conidial suspensions (day 
0), and from each of the three subdivided conidial suspensions at the different inoculation dates (1, 
2, 4 and 7 days of incubation). DNA was extracted from these volumes as described in Chapter 4. Two 
5 µL DNA samples from each extraction sample were submitted to real-time PCR analysis using the 
ITS real-time PCR assay.  
The temperature dependent disease experession curves of young and mature leaves were 
statistically compared using a least squares regression model based on the log-dose response curve 
model of Neter et al. (1985) using STATISTICA 11.  
5.2.5 Human-mediated dispersal of C. buxicola 
The ability to disperse C. buxicola conidia from inoculum plants to pathogen-free detector plants (see 
above) following pruning or contact was tested using pruning shears, rubber boots, jeans (patches) 
and leather working gloves. All of these materials were either new or unused (working gloves, jeans) 
or surface-sterilized with a 1% NaOCl solution (‘bleach’), followed by two washing steps with water 
(pruning shears, rubber boots). Sufficient sterile materials were available so additional NaOCl 
disinfections between the replicate tests were not needed, with the exception of the pruning shears.  
Two aspects of human-mediated spread were investigated. First, we determined the adhesive 
capacity of conidia to the different materials (diseased plant  material/clothing). Second, we 
determined the potential of those materials of spreading disease between plants (diseased plant 
material/clothing  healthy plant). As adhesion and spread possibly depends on the wetness of the 
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plants, the tests were conducted both using wet or dry inoculum/detector plants, mimicking e.g. 
pruning under dry or wet conditions.  
The adhesive capacity of conidia to the different working materials was determined as follows. Three 
inoculum plants, produced as described above, were pruned (pruning shears), or brushed following a 
standardized method; two brushes per plant, one on both sides of the plant, from the stem to the 
top (jeans patches, rubber boots, working gloves). Subsequently, both cutting sides of the pruning 
shears (about 25 cm²), or a 5x5 cm surface (25 cm²) of the clothing materials, was swabbed with a 
cotton swab saturated with 100 µL sterile water. To quantify the number of conidia on a swab, we 
used the protocol for detection and quantification of C. buxicola in air samples (Chapter 4) (two 
technical replicates), with the difference that the Zirconia/Silica beads were added to the cut-off 
cotton bud, instead of to a Melinex tape fragment. The pruning/brushing protocol and corresponding 
swabbing was replicated three times per combination of working material and plant wetness 
condition (wet versus dry). 
To determine the actual plant-to-plant dispersal via working materials, pruning shears and clothing 
materials, these materials were first contaminated with C. buxicola conidia as described above. 
However, instead of swabbing them for molecular quantification, they were again subjected to 
standardized pruning/brushing as described above, this time using three symptomless detector 
plants. Subsequently, these plants were incubated under conditions conducive for infection and 
symptom development (near-100% humidity, 20°C). The numbers of diseased leaves were 
determined following disease expression (7 days post incubation). Each combination of working 
material and plant wetness condition was replicated three times.  
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5.3 Results  
5.3.1 Detection of C. buxicola in nursery plants and water samples 
The weather conditions before each sampling were logged and are shown in Table 5.2. Each 10-day 
period prior to sampling was characterized by unique weather conditions (Table 5.2). The period 
prior to May 2 was likely too cold (Average day temperatures April 23 – May 2: 9.9°C) for box blight 
disease development under outdoor conditions (or at least for new sporulation and/or infections). 
This was confirmed by the lack of newly reported outbreaks in 2013 prior to May 2. As such, we 
considered all box blight symptoms observed on outdoor plants at this date as originating from 
growing season 2012, or earlier. The 10-day periods preceding the sampling dates of June 29 and 
Augusts 16, on the other hand, were characterized by warmer temperatures (Average daily 
temperatures: 14.3 and 15.4°C, respectively). The period of June 20-29 was very rainy (average of 6.1 
L m-2 day -1), with the most intense rain events at June 24, 27 and 28 (10.6, 18.6, 14.4 L m-2 day -1, 
respectively) while the period of August 7-16 was completely free of rainfall.  
Table 5.2 Weather conditions during the 10 days preceding each collection of nursery samples, expressed as mean daily 
values.  
Sampling date Daily rainfall (L m-²) T (Max/Average/Min)(°C) Relative humidity (%) 
May 2 1.0 16.6 / 9.9 / 3.6 74.1 
June 29 6.1 18.7 / 14.3 / 10.4 85.5 
August 16 0.0 21.7 / 15.4 / 9.5 85.1 
 
The results of molecular quantifications of C. buxicola in the plant and water samples are listed in 
Table 5.3. At the first sampling date (May 2), clearly identifiable box blight symptoms were observed 
at plant sampling sites PS1, 3 and 4. These were clearly old symptoms, originating from growing 
season 2012 or earlier. Leaf (and twig) lesions were only observed at PS1 (very high detection value: 
3245 conidium equivalents 100 mg-1 plant sample), while only twig lesions were observed at PS3 and 
4 (high detection values: 663 and 259 conidium equivalents 100 mg -1 plant sample, respectively). 
The twig lesions observed on plant material originating from sampling site PS2 were especially hard 
to diagnose as box blight, and the presence of C. buxicola had to be confirmed by molecular 
detection (low detection value: 5.3 conidium equivalents 100 mg-1 plant sample). Symptoms at plant 
sites 1, 3 and 4 had been observed by the nurseryman in 2012, while no symptoms were previously 
observed at site 2.  
Asymptomatic parts of diseased plants (PS1-4), or the samples from asymptomatic plants (PS5-8) all 
were negative for C. buxicola at the start of growing season 2013 (May 2).  
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The wet period preceding the sampling date of June 29 was very conducive of box blight 
development as multiple nurserymen, landscapers and gardeners reported new outbreaks. However, 
at the specific commercial nurseries we selected for sampling, no large-scale outbreaks were 
observed. This is likely to be the result of adequate and timely preventive treatments with fungicides. 
No (new) outbreaks were observed at the eight selected plant sampling sites, with the exception of 
PS2. While the box blight symptoms at PS1, 3 and 4 observed at June 29 appeared to be old 
symptoms originating from growing season 2012 or earlier, leaves with numerous small, emerging 
lesions not present before were observed on the PS2 plants. The high disease pressure at PS2 was 
also observed in the molecular quantifications of C. buxicola DNA in the symptomatic samples, with 
quantifications about 200 times higher then those on May 2 (1074 versus 5 conidium equivalents 100 
mg-1 plant sample, respectively). Also the asymptomatic portions of diseased plants (PS1-4) tested 
positive for C. buxicola, although at very low concentrations ( 0.4 to 1.8 conidium equivalents 100 
mg-1 plant sample). With the exception of the PS2 plants, no new lesion development was observed 
in the days and weeks following June 29, indicating dispersal of conidia, without subsequent 
infections. To test if the dispersal of conidia observed on June 29 was related to the preceding 
intense rains, we decided to collect asymptomatic plant samples at those specific sampling sites (PS1-
4) on August 16, a date preceded by several days without rainfall. All of these samples tested 
negative for C. buxicola.  
At most plant sampling sites (PS1, 3, 4 and 5), one or both of the samples of dropped leaves tested 
positive for C. buxicola. In all positive samples, we succeeded in generating conidia-bearing 
conidiophores on the leaf surfaces, with stipes ending in naviculate vesicles typical for C. buxicola, 
while none were observed in the negative samples.  
At the start of the growing season 2013 (May 2), low positive detection values were reported for the 
water samples collected at sites WS1, 3 and 5 (1.1 – 3.3 conidium equivalents 100 mL-1 water 
sample). Higher concentrations of C. buxicola were confirmed in some of the June 29 water samples, 
collected at sampling sites WS3, 5 and 6 (38.5-249.0 conidium equivalents). At the last sampling 
round, observed concentrations of C. buxicola decreased again (1.2-16.2 conidium equivalents), with 
positive detections at WS3 and 5 only. 
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Table 5.3 Quantification of C. buxicola in practice water and plants samples, collected on different sites and sampling dates.  
  Plant sampling (conidium equivalents a 100 mg-1 plant material) (± stdev, n = 2) b  
Plant 
sampling site 
Symptomatic c   Asymptomatic   Defoliated leaves 
May 2 June 29   May 2 June 29 August 16   May 2 June 29 
PS1 3245.3 ± 903.3 (L+T) 793.4 ± 394.4 (L+T) <0.13 0.4 ± 0.0 ND   521.2 ± 72.5 362.5 ± 58.5 
PS2 5.3 ± 6.0 (T) 1073.5 ± 716.1 (L+T) <0.13 1.4 ± 0.3 ND   NA NA 
PS3 663.0 ± 22.8 (T) 262.8 ± 56.7 (T)   <0.13 1.8 ± 0.1 ND   171.2 ± 105.5 45.6 ± 16.4 
PS4 259.0 ± 351.0 (T) 1.3 ± 0.1 (T)   <0.13 0.4 ± 0.2 ND   64.0 ± 10.4 14.0 ± 0.4 
PS5 NA NA   <0.13 <0.13 NS   <0.13 19.3 ± 3.5 
PS6 NA NA   <0.13 <0.13 NS   <0.13 <0.13 
PS7 NA NA   <0.13 <0.13 NS   NA NA 
PS8 NA NA   <0.13 <0.13 NS   NA NA 
Water 
sampling site 
Water sampling (conidium equivalentsa 100 mL-1 water sample) (± stdev, n = 2) 
      May 2     June 29     August 16       
WS1       1.1 ± 0.7     ND     ND       
WS2       ND     ND     ND       
WS3       3.3 ± 0.5     249.0 ± 0.6     16.2 ± 1.3       
WS4       ND     ND     ND       
WS5       3.3 ± 0.6     38.5 ± 2.5     1.2 ± 0.7       
WS6       ND     52.9 ± 2.9     ND       
a
 One conidium equivalent equals 151 detected ITS target sequences, based on the multi-copy number of the ITS sequence determined in Chapter 4. Samples with a conidium equivalent 100 
mg
-1
 < 0.13 (20 ITS targets) were considered negative for C. buxicola. 
b
 NA = Not available, the specific sample type was not present at the sampling site; NS = Not sampled, although the specific sample type was present at the sampling site;, 
c
Observed
 
box
 
blight symptoms: L = leaf symptoms, T = twig symptoms
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5.3.2 Natural dispersal of C. buxicola 
The results of natural dispersal experiment 1 are shown in Figure 5.2. Two phases of disease 
development can be distinguished during the course of this experiment, separated by an apparent 
drop in % diseased leaves (19 dpi), caused by (partial) drop of diseased leaves due to intense rain 
events. In the first phase (0-19 dpi), dispersal of the pathogen from the centrally-placed inoculum 
plants to the detector plants places in surrounding concentric circles was mostly limited to the circles 
of plants in contact, while the percentages of diseased leaves were much lower at the more distant 
circles (e.g.15 dpi, single circles: 25.2, 5.7 and 4.1, for 0, 10 and 20 cm distance, respectively). In the 
second phase (19-47 dpi), the percentages of diseased leaves were overall higher than in the first 
phase, and differences between the distances were less differentiated (e.g. 33 dpi, single circles: 
71.8, 52.3 and 37.1 for 0, 10 and 20 cm distance, respectively.  
The results also indicate an effect of plant density on disease development. Although the distances 
between the central inoculum plants and the detector plants were identical (0, 10 and 20 cm 
distances), much higher percentages of diseased leaves were observed when the circles were 
combined (e.g. 0 cm circle, 26 dpi: 96.7 versus 41.1 % for combined or single circle, respectively).  
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Figure 5.2: Box blight disease development and weather condition during the course of the dispersal experiment 1. 
A-B) Box blight disease expression on the detector plants expressed as mean percentage of diseased leaves in 
function of distance to the central inoculum source ( : 0 cm; : 10 cm; : 20 cm) and plant density (graph A: 
single circles, graph B: combined circles). Error bars represent standard errors (Graph A: n=5; Graph B: n=3). C) 
Weather conditions during the course of dispersal experiment 1. Lines represent daily mean temperature 
characteristics (max. , mean, min.), bars represent daily rainfall. No temperature data is available for the first five 
days of the experiment (0-5 DPI).  
Distances and pathways of dispersal 
119 
 
Very diverse weather conditions were logged during the four outdoor days of dispersal experiments 
2A, 2B and 2C (Table 5.5). Experiment 2A was characterized by dry conditions (no rainfall) and the 
highest daily mean wind speeds (± stdev, n = 4) of all three experiments (2.4 ± 0.6 m s-1). The weather 
conditions during experiment 2B were very rainy, with a total rainfall of 30 L m-2. The most intense 
rain events were logged during this experiment (7.8 and 6.2 L m-2 h-1). Experiment 2C was 
characterized by a lower total rainfall (10.6 L m-2 ) and less intense rain events (2.4 L m-2 h-1), 
compared to experiment 2B. Average daily mean temperatures (± stdev, n= 4) were comparable for 
all three experiments (16.0 ± 3.3, 15.7 ± 2.2, 15.2 ± 1.3 °C, for 2A, 2B and 2C, respectively). The three 
experiments were conducted over the course of four weeks, during which no obvious differences in 
the detector plants’ morphologies were observed.  
Table 5.4 Weather conditions during the four days of outdoor incubation of the different experiments of type 2.  
a With 0/360°, 90, 180° and 270° representing north, west, south and east, respectively 
The average number of diseased leaves per detector plant for the experiments 2A, 2B and 2C are 
listed in Table 5.5. No dispersal of conidia was observed at experiment 2A, demonstrating that aerial 
dispersal of wind-borne conidia is not a likely pathway of spread for C. buxicola. Consequently, the 
lesion development observed in the B+/C- constructions of these experiments (Averages of 66.1 and 
13.3 diseased leaves in exp. 2B and 2C, respectively) was fully attributed to direct splash dispersal, as 
indirect splash dispersal was selectively blocked. Indirect splash dispersal was only observed in 
experiment 2B, demonstrated by lesion development on the B-/C+ detector plants (Average of 27.4 
diseased leaves). It was also the only experiment in which lesion development was observed on the 
detector plants in the central drain gutter (Average of 12.3 diseased leaves).  
 
 
  Rain  
Wind (daily means) 
Experiment Total (L m-²) 
Most intense rain 
event (L m-2 h-1)   
Directiona (°)  
(±stdev, n=4) 
Speed (m s-1) 
(±stdev, n=4) 
2A 0 0 
 
38.3 ± 22.5 2.4 ± 0.6 
2B 30.0 7.8 
 
238.5 ± 18.9 1.9 ± 0.6 
2C 10.6 2.4 
 
264.0 ± 21.7 1.5 ± 0.4 
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Table 5.5 Average number of diseased leaves per detector plant (absolute values) for the dispersal experiments 2A, 2B and 
2C, and the different setups/treatments (B– or B+: absence or presence of selective blocking through pine bark; C- or C+: 
absence or presence of selective blocking through cylinder).  
  
Average number of diseased leaves / 
detectorplant (± stdev) 
Detector circles (n=4) Exp. 2A   Exp. 2B   Exp. 2C 
B- / C- 0.0 ± 0.0   90.5 ± 10.3   14.0 ± 1.3 
B+ / C- 0.0 ± 0.0   66.1 ± 20.5   13.3 ± 2.4 
B- / C+ 0.0 ± 0.0   27.4 ± 4.2   0.2 ± 0.8 
B+ / C+ 0.0 ± 0.0   2.8 ± 1.5   0.2 ± 0.2 
Central gutter detector plants (n=8) 0.0 ± 0.0   12.3 ± 5.9   0.0 ± 0.0 
 
Clear differences in spatial dispersal patterns were observed depending on the pathway of spread 
(direct versus indirect splash dispersal) (Figure 5.3: Experiment 2B). Direct splash dispersal (B+/C-) led 
to dispersal of conidia mainly downwind (NE, as wind mainly came from the SW during the 
experiment). Moreover, 81% of the lesions were scored on the side of the plants that were directed 
towards the central inoculum source (‘shielding effect’). Although aerial dispersal of conidia as such 
was unlikely based on our observations, these patterns indicate wind direction (and possible wind 
speed) during a rain event might influence the impact angle of raindrops and consequently, the 
splash and conidia dispersal direction.  
The dispersal direction of indirect splash dispersal (B-/C+), on the other hand, proved to be mainly 
dependent on the runoff slope of the test field. Only a very narrow selection of detector plants 
downwards of the inoculum source (5-6 positions) were confronted with a conidia-enriched water 
film and correlated conidia dispersal. Moreover, the strong shielding effect observed with splash 
water dispersal was much less apparent with runoff water dispersal: 51% and 49% of the lesions 
were scored on the plant sides directed towards or away from the central inoculum source, 
respectively.  
While the four B+/C- circles yielded similar dispersal patterns (splash water dispersal), and the B-/C+ 
circles patterns symmetric to the central drain (runoff water dispersal), the experiment 2B circles of 
the test construction without selective blocking (B-/C-) indeed demonstrate a combined dispersal 
pattern (neither similar nor symmetric), influenced by both pathways of spread. In experiment 2C, 
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dispersal patterns were comparable between the B+/C- and B-/C- circles, and similar to the B+/C- 
circles of experiment 2B, as no indirect splash dispersal occurred. 
 
 
 
Figure 5.3 Schematic representation of the spatial dispersal of disease for the different test constructions (B+/C-; B-
/C+; B-/C-) in natural dispersal experiment 2B. Each graph visualizes the numbers of diseased leaves on the 15 
detector plants (1 spoke equals 1 detector plant position), averaged over the two replicate circles on both sides of 
the central gutter. The graph lines represents the number of lesions on the plant sides directed towards (blue lines) 
or away from (red lines) the central inoculum source. Gray arrows represent the runoff direction of the growing 
surfaces and the central gutter. The orientation of the test field can be derived from the wind direction compass.  
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5.3.3 Infectivity of C. buxicola conidia in water 
The infectivity and molecular quantifications of the conidial suspensions incubated at different 
temperatures are presented in Figure 5.4.  
We observed no significant differences (P-values > 0.31) between the disease expression curves of 
the young and mature leaves within each incubation temperature. The results clearly demonstrate 
that the infectivity of conidia decreases faster with increasing water temperatures. Conidia can stay 
infectious for about 2-3 days at water temperatures of 20°C, 4-6 days at 12°C, and even for a week at 
4°C.  
Light microscope observations revealed that only non-germinated or recently germinated conidia 
were infectious. Infectivity of conidia dropped fast one day after start of germination. While almost 
all conidia were germinated 1 day post start of incubation at 20°C, and 2 days post start of incubation 
at 12°C, germ tubes were only visible for about 10% of the conidia incubated at 4°C , 3-7 days post 
start of incubation (data not shown).  
The molecular quantifications using the ITS real-time PCR assay reveal an initial increase in DNA 
content (correlated with conidia germination, observed microscopically), shortly followed by a slow 
decrease in DNA content (correlated with germ tube and conidia degradation, observed 
microscopally as less lucid conidia, often with one or both cell(s) collapsed or disintegrated. Higher 
incubation temperatures increased the speed at which this pattern develops.  
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Figure 5.4 Infectivity of C. buxicola conidial solutions incubated at different temperatures (  4°C ;  12°C ;  20°C), 
expressed as diseased leaf area percentage of 20 inoculated mature (A) or young leaves (B), and DNA content of samples of 
the conidial solutions determined by molecular quantification (C). Error bars represent standard deviations (n=2).  
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5.3.4 Human-mediated dispersal of C. buxicola 
The results of the experiments determining the human-mediated dispersal characteristics are shown 
in Figure 5.5. In general, the capacity of conidia to adhere to the working materials was substantial 
(maxima of about 100 conidia per cm² of surface). The chance of succesfull plant-to-plant transfer, on 
the other hand, was very low, despite the optimal incubation conditions used in the experiment. 
Under practical conditions, plant-to-plant transfer is expected to be even lower. The pruning shears 
numerically (but not statistically) presented a higher threat for plant-to-plant dispersal, compared to 
the clothing materials. This is likely caused by the act of pruning itself, instead of merely making 
contact, as 71% of the observed leaf lesions were associated with pruning injuries. The risk of plant-
to-plant transfer via contaminated shears was highest on the first detector plants that were pruned: 
64% of the lesions were observed on the firstly pruned detector plants, 29% on the second ones and 
only 7% on the third ones. The adhesive capacity proved to be significantly higher (P = 0.0398) under 
wet conditions versus dry conditions. The plant-to-plant dispersal was not statistically (P = 0.1569) 
different under wet versus dry conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 Adhesive capacity of conidia (A) and successful plant-to-plant dispersal (B) of different working materials, under 
dry (light gray) and wet (dark gray) conditions. Error bars represent standard errors.  
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5.4 Discussion and conclusions 
The detection technology and sample processing protocols developed in Chapter 4 were used to 
process water and plant samples from two commercial nurseries. The validation tests in Chapter 4 
already indicated that the C. buxicola conidia are likely to be not wind-borne. Very low 
concentrations of C. buxicola conidia were detected, even when the Burkard spore sampler was 
placed centrally of plants with diseased leaves carrying numerous conidia. It was considered highly 
unlikely that air samples would yield positive results at nurseries, as disease pressure is considered 
much lower at commercial nurseries than during our test due to the use of fungicides. Consequently, 
no air samplings were conducted at nurseries.  
The lack of detection of C. buxicola (conidium equivalents 100 mg-1 < 0.13, Table 5.3) on 
asymptomatic portions of diseased plants (PS1-4) sampled on May 2 suggests that the pathogen does 
not overwinter latently in asymptomatic plant material. However, merely the presence of stem 
lesions in the beginning of a growing season was sufficient for the reemergence of the disease later 
in the growing season: an outbreak was observed at the PS2 site while only plants with twig lesions 
were present at the beginning of the growing season. Neither defoliated leaves nor symptomatic 
leaves were present in the proximity of this sampling site. These stem lesions can be very difficult to 
spot and recognize (e.g. the ‘symptomatic’ plant sample of PS2 on May 2). Although these stem 
lesions cannot be considered latent infections, they might also lead to unnoticed introduction of the 
disease in nurseries and gardens. Furthermore, we observed conidia dispersal following intense rain 
events (June 26 sampling), without subsequent infection. It is possible that the preventive fungicide 
treatments (1-2 weeks before sampling) successfully inhibited infection, or that weather conditions 
(e.g. temperature, duration of leaf wetness periods) were simply not fit for infection (yet). Based on 
these observations, we can conclude that transporting plants shortly following intense rains can 
comprise additional risks (especially when they were in proximity of diseased plants). These plants 
can be infected just before transport, or during the transport itself when conditions are often more 
conducive for infection (higher humidity’s and/or temperatures), and become symptomatic during or 
after transport.  
Trade of latently infected nursery stock has always been considered an important pathway of long-
distance dissemination and introduction of the pathogen in gardens and nurseries on a national 
(Henricot, 2006) and international (Saracchi et al., 2008) scale. However, no proof of strict latent 
presence was found during our specific samplings described here, nor during all of the other 
experiments we conducted during the research project (at least in susceptible boxwood cultivars 
such as B. sempervirens and B. sempervirens ‘Suffruticosa’): when conditions are conducive for 
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disease expression, symptom development will shortly follow infection. This ‘what-you-see-is-what-
you-get’ principle could possibly be used to prevent (or at least reduce the chance for) new 
introductions of C. buxicola into commercial nurseries, or private gardens with existing boxwood 
planting (see general discussion).  
Most of the positive water samples (WS3 and WS5) were taken in the proximity of diseased plants, 
(PS2 and PS4, respectively). The highest concentrations of conidia were found at water sampling site 
WS3 during the June 29 sampling, and could be correlated with a severe outbreak of C. buxicola 
observed on the plants in the direct proximity (PS2). These detections already indicated that rain 
events play a major role in the dispersal of conidia. The most remarkable positive water sample, 
however, was the one collected at in the centrally located ditch (WS 6, June 26). This ditch is used as 
an overflow for the drainage system in case of overabundant rain. This particular detection proves 
that conidia can be spread over relatively long distances via runoff water, as no diseased plants were 
observed in the direct proximity (range of 20 m) of the sampling site. The detection of C. buxicola 
DNA in these water samples did not necessarily imply the presence of infective conidia. Although 
these can stay infectious for several days, depending on the temperature, the infectivity experiment 
also revealed that C. buxicola DNA can be detected for longer periods.  
The survival of C. buxicola in leaves was already studied by Henricot (2006), by burying artificially 
infected leaves in the soil or placing them on the soil surface, and determining the recovery after 
various periods of time. The fungus was able to survive on decomposing leaf material for at least five 
years (Henricot, 2006). Our samplings of dropped leaves, and subsequent molecular detection and 
incubation for sporulation confirms the presence of the pathogen in dropped leaves over at least one 
growing season. Moreover, C. buxicola was able to sporulate on these dropped leaves under the right 
(humid) conditions, even on leaves that dropped two growing seasons ago (e.g. PS5: no outbreaks 
reported in 2012). Although we did not test the dispersal of conidia from dropped leaves to plants, 
we did prove dispersal via runoff water between potted plants in a mock nursery setting. Under the 
intense rain events allowing for indirect runoff water dispersal, washing-off of conidia from dropped 
leaves is likely not to be a limiting factor. Consequently, we hypothesize that dropped leaves can be 
inoculum sources under the right weather conditions. In addition to their possible role in 
persistence/reemergence of the disease in a nursery/garden, they are also an inoculum reservoir for 
long-distance dispersal. Although we determined aerial dispersal of wind-borne conidia to be 
unlikely, strong winds might lift and disperse dried out defoliated leaves e.g. between boxwood 
plants in gardens or fields at a nursery. On several occasions, we observed leaves -not necessarily 
infected ones- from cultivars with distinct and highly recognizable leaves (e.g. B. sempervirens 
‘Elegantissima’ and B. balearica) at distances over 10-50 m from the most nearby planting. As C. 
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buxicola can survive and remain active in boxwood leaves for several years, and boxwood leaves tend 
to degrade slowly, wind dispersed leaves have the potential of spreading the pathogen over long 
distances. Several local nurserymen have also suggested defoliated leaves remaining on transport 
vehicles (e.g. CC containers, commonly referred to as Danish/Dutch trolleys) following transport of 
diseased plant materials, as possible pathways of spread or introduction into commercial nurseries.  
Although the nursery samples gave valuable qualitative information about the field dispersal 
pathways of the pathogen from a practical perspective, they do not allow quantitative conclusions as 
conditions were often too variable: weather conditions differed in place and time; the nurseries 
differed in their use of fertilizers, irrigation techniques and the use of fungicides. Moreover, the use 
of such chemicals might have prevented sporulation and infections, and/or suppress symptom 
development, interfering with the natural spread of the pathogen. Consequently, controlled in vivo 
experiments were conducted at a mock nursery setting, using non-fungicide-treated plants.  
The controlled experiments showed once again that aerial dispersal of wind-borne conidia is unlikely. 
This confirms the experiments conducted with the Burkard spore sampler in Chapter 4, in which no 
conidia were detected in the air samples, except in combination with heavy rain events. Rain events 
indeed were essential for the dispersal of C. buxicola conidia (water mediated dispersal pathways). 
The intensity of the rainfall determines whether only direct splash dispersal occurs, or both direct 
and indirect splash dispersal. Intense rain events were needed for the formation of a water film, 
and/or to allow the splashing up of conidia to a height sufficient to reach the plant canopy. 
Moreover, the intensity of the rain events also influences the distances over which splash water 
dispersal can occur, as demonstrated in experiment 1 (Figure 5.2). During the first phase of this 
experiment, characterized by weak rain events, dispersal of the centrally-placed infected plants to 
the concentric circles of detector plants was mostly limited to the circle in direct contact. The second 
phase, on the other hand, was preceded by very intense rain events and led to higher percentages of 
diseased leaves at all distances (0, 10 and 20 cm). It is uncertain to which extent the high percentages 
of diseased leaves in the 10 and 20 cm distance circles in the second phase of this experiment was 
due to more distant direct splash dispersal from the centrally placed inoculum source, due to indirect 
splash of conidia via the water film, or because of spread from secondary sporulation on detector 
plants infected during phase 1.  
In contrast with the first type experiment, the second type experiments did allow for discrimination 
between direct and indirect splash dispersal. The combination of high numbers of lesions on the B-
/C- detector plants and minimal numbers of lesions on the B+/C+ detector plants of experiments 2B 
and 2C, demonstrate the efficacy of the used selective blocking mechanisms (pine bark and cylinders) 
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and consequently, the reliability of these observations. Based on the average percentages of 
diseased leaves in experiment 2, one could conclude that indirect splash dispersal is a less efficient 
pathway of spread, compared to direct splash dispersal (Averages of 27.4 versus 66.1 diseased leaves 
per detector plant, respectively). However, the lower average percentages of diseased leaves 
observed on the B-/C+ detector plants can be explained by the narrow range of detector plant 
positions that was actually confronted with the conidia-enriched water film. Moreover, runoff water 
could spread conidia over longer distances than direct splash water could. In experiment 2, detector 
plants at 2 m distance were successfully infected via indirect splash dispersal. The actual distance of 
spread can likely be much further, as demonstrated by the results of the nursery water samplings 
(WS6, June 26: > 20 m).  
In general, our samplings and experiments support water mediated spread as the main short 
distance dispersal pathway of C. buxicola. Weak rain events can splash-disperse conidia directly to 
the plants in the near proximity. Although, strictly, we did not test the influence of sprinkler irrigation 
on dispersal of the pathogen, we did observe circularly expanding spots of diseased plants in 
sprinkler-irrigated greenhouses on several occasions, suggesting that sprinkler droplets can be strong 
enough to splash disperse conidia directly from plant to plant. More intense rain events, on the other 
hand, allow for both direct and indirect splash dispersal, the latter a less frequent but possibly more 
dangerous pathway of spread, as it can spread the disease over longer distances. The actual intensity 
of the rain event hereby determines the (horizontal) distances over which splash dispersal can occur. 
The container heights (vertical distance) may affect the level of indirect splash dispersal. Plants in 
higher containers are possibly less at risk for indirect splash dispersal, as the spatial barrier between 
ground and canopy is larger. Our data also revealed a clear negative effect of high plant densities on 
disease development. A high plant density likely creates a more humid microclimate, conducive for 
sporulation and infections, and allows for easy (short distance) plant-to-plant dispersal of conidia.  
The experiments determining the human-mediated dispersal characteristics were characterized by 
large variations in molecular quantifications and disease expression on the detector plants, hindering 
detection of statistically significant differences. Consequently, we could not make reliable 
quantitative conclusions based on these results. When addressing human-mediated spread, 
however, it is more appropriate to focus on the qualitative aspects: is human-mediated spread 
possible? Our results proved that spread of C. buxicola via pruning shears, clothing and footwear is 
an inefficient but possible pathway of spread. As even one box blight lesion can theoretically lead to 
a severe outbreak of the disease, it is recommended to maintain appropriate hygiene standards, 
whenever feasible (see general discussion).  
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Almost all of the predictions made by Henricot (2006) regarding possible pathways of spread have 
been tested, and confirmed, during the experiments in this chapter. Primary infection occurring from 
wind-borne conidia is indeed unlikely, and dispersal has been confirmed to occur via water (direct 
and indirect), contaminated tools and dropped leaves. Henricot also suggested animal vectors, like 
birds and insects, as possible pathways of spread, as the conidia are sticky (Henricot, 2006). Vector 
transmission of Cylindrocladium/Calonectria diseases has not been reported in literature (yet), but 
cannot be excluded either. A role for the stipe extension vesicle in attracting insects to the 
conidiophores has been hypothesized by Crous (2002), in that the extra-cellular matrix released from 
within the vesicle might contain a volatile substance to lure insects, or that it is simply there to catch 
the rays of the sun and act as a visual lure for insects. The most logical vectors might be flying insects 
that are affiliated with boxwood as host plant (e.g. boxwood leaf miner, boxwood psyllid, box tree 
moth), as these are attracted to boxwood plants and can travel relatively long distances.The 
possibility of animals as vectors for C. buxicola has not been tested in this research project, because 
of practical difficulties.  
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6.1 Introduction 
In developing a successful integrated pest management program for boxwood blight, the genetic 
potential of the different Buxus species and cultivars must be optimally used. Resistant or less 
susceptible plants offer the potential for an easy, sustainable and environmentally acceptable 
management option. Both nursery growers and gardeners would greatly benefit from alternative 
cultivars that are resistant or less susceptible under practical conditions. In vivo host susceptibility 
screenings under practical conditions have been published by two research groups. In Germany (DE) 
Ehsen (2011)  tested 12 B. sempervirens cultivars (B. microphylla ‘Brouwers’s Seedling’ syn. ‘Justin 
Brouwers’ was later confirmed to be a B. sempervirens cultivar (Van Laere et al., 2011)), six B. 
microphylla / B. sinica cultivars, and two hybrid species. Ehsen (2011) relied on diseased leaves 
distributed between the plants as inoculum reservoir, and on natural occurring rain events to spread 
disease. In the United States (US) on the other hand, nine B. sempervirens cultivars (here the 
nomenclature B. sinica var. insularis ‘Justin Brouwers’ has been used for B. sempervirens ‘Justin 
Brouwers’), ten B. microphylla / B. sinica cultivars, five hybrid species and B. harlandii were tested by 
Ganci et al. (2013), using diseased plants as reservoir plants, and relying on overhead irrigation to 
spread disease to the test plants. In general, both data sets demonstrated that the B. sempervirens 
species were more susceptible than the Asiatic species (B. microphylla, B. sinica, B. harlandii). 
However, there were also some important discrepancies in the results. For instance, the 
economically important B. sempervirens (under synonym nomenclature B. sempervirens ‘American’) 
and B. sempervirens ‘Elegantissima’ were very susceptible in the US results, while less susceptible in 
the DE results (here, the name B. sempervirens var. arborescens has been used as synonym for B. 
sempervirens). Also, Buxus × ‘Green Mound’ was significantly more susceptible than Buxus × ‘Green 
Gem’ in the US results, while having comparable susceptibility in the DE results. These discrepancies 
indicate that cultivar-dependent differences in disease development might depend on local 
conditions such as differences in irrigation or weather conditions (USDA Hardiness Zone of the US 
and DE testing sites: 7B/8a and 7, respectively). It is also possible that test plants with identical or 
equivalent nomenclature in reality represented different plant genotypes. This is one of the reasons 
for further testing of well-defined cultivars and species under practical and local conditions. 
In addition, the utility of the US results for the European boxwood sector is limited because the 
choice of cultivars in the US test is influenced by the local popularity of cultivars, resulting from 
differing aesthetic preferences and/or the need for cultivars adapted to local climatic conditions. 
No quantitative correlation data are available between host susceptibility and climatic conditions 
such as temperature, relative humidity, rain events, leaf wetness periods and wind. These data could 
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allow for cultivar-specific disease risk assessment based on weather predictions. The relative 
importance of the different aspects of disease development in a given cultivar (e.g. susceptibility for 
infections, lesion expansion, in vivo sporulation, leaf drop) is also unknown and should be valuable 
for future boxwood breeding.  
This chapter describes the conducted in vivo host susceptibility screenings on a large number of 
economically important or morphologically/genetically interesting Buxus species, under controlled, 
semi-practical and practical conditions. Climatic parameters were extensively logged during the 
outdoor tests to investigate the interactions between disease development and weather conditions. 
The test plants were evaluated at the level of infection susceptibility, lesion expansion and 
sporulation, to better understand the underlying reasons of resistance or reduced susceptiblity. 
Additional tests under controlled conditions were conducted to further elucidate the host-specific 
sporulating capacities of C. buxicola and the influence of temperature and leaf wetness period on 
infection severity.  
Because of the nomenclature issues and genetic similarity within the ‘littleleaf boxwood’ (B. 
microphylla and B. sinica - see Introduction Chapter), we decided to work with the nomenclature 
according to Van Laere et al. (2011). As such, all ‘littleleaf boxwood’ are refered to as ‘B. microphylla’, 
with the addition of a cultivar name. No variety names (e.g. ‘japonica’ and ‘insularis’) are used. Based 
on Van Laere et al. (2011), we distinguish Buxus species in the ‘B. microphylla genetic cluster’ (B. 
microphylla, B. sinica, B. harlandii, B. bodinieri and respective cultivars) from species belonging to the 
‘B. sempervirens genetic cluster’ (only B. sempervirens and cultivars). B. balearica could be 
distinguished from these clusters, and will therefore not be considered as belonging to either one. 
Also B. × ‘Green Gem’ and B. × ‘Green Mound’, two hybrids originating from crosses between parents 
belonging to the two different clusters, will not be taken into account when comparing susceptibility 
of genetic clusters. Although these hybrids genetically clustered in the B. microphylla cluster, their 
partial B. sempervirens origin might influence their host susceptibility characteristics.  
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6.2 Materials and methods 
6.2.1 Isolate collection and conidia production 
C. buxicola isolates were obtained from culture collections or were isolated from diseased plant 
samples. In the latter case, infected leaf and/or stem pieces were placed in moist chambers and 
incubated at 20°C to induce sporulation. Conidia were collected and placed on PDA amended with 
chloramphenicol. Each isolate was brought in pure culture, single-spored and preserved on beads at - 
70°C (Greiner Bio-One N.V., Wemmel, Belgium) for long-term storage. Frequently used isolates were 
maintained on PDA (20°C). The code, host, origin, year of isolation and collector of all isolates used in 
Chapter 6 are listed in Appendix 1 (isolate set g).  
To produce conidia, cultures were grown under near-UV light at 18°C on non-sealed PCA plates with 
chloramphenicol (carrot pieces 20 g L-1, potato pieces 20 g L-1, agar 17 gL-1, chloramphenicol 100 mg 
L-1), using 7 mycelium plugs per Petri plate. Conidial suspensions were obtained by rinsing 14-days-
old PCA cultures with a 0.1 % Tween 20 (Sigma-Aldrich, St-Louis, MO) solution and rubbing the 
surface with a Drigalski spatula. The conidial suspensions were filtered using a 125 µm sieve (Fritsch, 
Idar-Oberstein, Germany). Conidia concentrations were determined using a haemocytometer (mean 
of three replicate counts) and diluted to 2 x 104 conidia mL-1.  
6.2.2 Plant material and inoculation 
All plant material was obtained from Herplant BVBA and visually confirmed to be free of C. buxicola 
symptoms at the moment of receiving and several months later, before each experiment. The 
experiments were performed at least 6 months after the last fungicide application. Depending on the 
experiment, plants were 2 (pot size P12) or 3 (P15) years old.  
Plants were spray-inoculated using 100 mL m-² of a 2 x 104 conidia mL-1 solution and a pressurized 
spray bottle (Birchmeier Sprühtechnik AG, Stetten, Germany). To obtain the correct spray volume per 
surface area covered by the plants, the flow rate of each spray bottle was determined prior to each 
inoculation and used to determine the spraying time per unit of area. Inoculated plants were 
immediately placed in plastic tunnels or in closed plastic boxes on top of wet capillary textile matting. 
Plants were incubated for at least 7 days under controlled conditions (22°C, near 100% RH). Inoculum 
reservoir plants were produced as described in Chapter 5.  
6.2.3 Host susceptibility screening under controlled conditions 
In Chapter 2, we tested the virulence of five C. buxicola isolates (4 G1 isolates, 1 G2 isolate) on a 
selection of cultivars, with the main goal being the identification of differential isolate effects. As 
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however no host-pathogen interactions were observed, this specific test can also be regarded as a 
host susceptibility screening under controlled conditions. Consequently, susceptibility results of the 
cultivars will be included and discussed in this chapter. In short, eight test plants of a selection of 37 
cultivars were inoculated with a conidium solution of one of five C. buxicola isolates as described 
above. After a week of incubation under conducive conditions (20°C, near 100% humidity), disease 
ratios and lesion sizes were scored (Figure 6.1 A-B). For more details about the experiment design, 
see 2.2.4.  
6.2.4 Host susceptibility screenings under (semi-)practical conditions 
Disease development following direct inoculation with conidia and incubation under conducive 
climatic conditions (as in 2.2.4/6.2.3) for a short period of time (1 week) is a good method for fast 
screening of fully resistant cultivars. However, these data are not representative for host 
susceptibility under practical conditions, as suboptimal weather conditions and host-specific 
sporulation (and thus spread of the disease) are not taken into account. Consequently, we conducted 
additional outdoor susceptibility screenings with inoculum plants (indirect inoculation of test plants) 
to mimic a more realistic and a more prolonged inoculation period.  
Based on the results of the virulence test, a single C. buxicola isolate (CB002) was used. The 33 tested 
Buxus cultivars are listed in Table 6.4 . Three experiments were conducted in a randomized complete 
block design at a mock nursery container field (Ghent, Belgium: USDA Hardiness Zone 8), during 
spring 2011 (Experiment 1A), fall 2011 (Experiment1B) and spring 2012 (Experiment 2)  
In Experiments 1A and 1B (Figure 6.1 C-D), circles of nine 2-year old test plants were placed in close 
contact with a central inoculum reservoir. The inoculum reservoir consisted of three diseased B. 
sempervirens ‘Suffruticosa’ plants, spray-inoculated and incubated to promote sporulation as 
described above. Two randomized blocks of circles (1 circle of each Buxus cultivar per block) were 
installed. Frequent overhead irrigation (± 1 L m-²  water per 100 MJ m-2 solar radiation) was installed 
to obtain humid conditions conducive for sporulation and infection. Experiments 1A and 1B were 
maintained and evaluated for 10 and 5 weeks, respectively. In Experiment 2 (Figure 6.1 E-F), test and 
inoculum plants were placed in in a randomized block design, each of the four replicate blocks 
consisting of a continuous series of trays (one tray of each cultivar per block, each tray containing six 
3-year old plants). Each tray with six test plants was alternated with 3 inoculum plants. This layout 
created a high planting density, which was more representative of the practical conditions at 
nurseries. In addition, overhead irrigation events were reduced to a maximum of one per day, 
resembling closer to nursery conditions. Experiment 2 was maintained and evaluated for 12 weeks. 
Climatic conditions were logged during the full duration of each experiment. The susceptibilities of 
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the B. sempervirens cultivars were statistically compared to the Buxus species belonging to the B. 
microphylla genetic cluster, using the Kruskal-Wallis ANOVA test in STATISTICA 11.  
During the course of each experiment, the number of diseased leaves on each individual test plant 
were counted on a weekly basis, and the mean percentages of diseased leaves were determined. In 
addition, visual scores (Table 6.1) for leaf lesion size, leaf attachment of diseased leaves (as 
estimation of defoliation response to infection) , stem lesion incidence and general disease severity 
were scored on two occasions (spring 2011 and spring 2012), following events of extreme disease 
development. The general disease severity scores are given purely based on personal estimates, and 
can be considered as the general negative impact of the disease on the aesthetics of the host plant, 
going from score 0 (almost no impact on the aesthetic value of the plant) to 4 (total loss of aesthetic 
value). This final score depends on the balance between the different aspect of disease development. 
For instance, a cultivar with high % diseased leaves but small lesions can receive a similar general 
disease severity score as a cultivar with low % diseased leaves but large lesions. All scores were given 
simultaneously and independently by two evaluators. In case of disagreement, scores were reviewed 
until mutual agreement. No visual scoring was conducted during experiment 1B, as the percentages 
of diseased leaves were too low to make visual scoring both informative and reliable.  
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Table 6.1 Visual scoring system used during host susceptibility screenings under (semi-)practical conditions 
Leaf lesion size 
      
3 Large Generally > 5 mm 
2 Medium Generally 3-5 mm 
1 Small Generally 1-3 mm 
0 Very small Generally < 1 mm 
      
Leaf attachment of diseased leaves (= defoliation response to infection) 
      
3 High Diseased leaves drop from twig on the slightest touch 
2 Medium Diseased leaves are released from twig with low pulling force 
1 Low  Diseased leaves are released from twig with medium pulling force 
0 Absent No difference with non-diseased leaves 
      
Twig lesion incidence 
      
3 High Generally > 5 lesions per twig 
2 Medium Generally 2-5 lesions per twig 
1 Low  Generally < 2 lesion per twig 
0 Absent No twig lesions observed  
      
General disease severity (visual estimation) 
      
4 Very high Total loss of aesthetic value 
3 High 
 
2 Medium 
1 Low  
0 Very low  No loss of aesthetic value 
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Figure 6.1 The different host susceptibility screenings. A-B) Screening under controlled optimal conditions:direct spray-
inoculation of a conidia solution (A) and incubation under plastic tunnels with water-soaked capillary textile matting (B). C-
D) Screenings under semi-practical conditions: 66 circles of test plants (2 replicate circles per cultivar) (C), each circle 
consisting of three central inoculum plants (marked in red) and 9 concentric test plants (D). E-F) Screening under practical 
conditions: four randomized blocks (E), containing trays of six test plants (1 tray per cultivar) alternated with three inoculum 
plants (marked in red)(F).   
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6.2.5 Host-specific sporulating potential 
The in vivo sporulating potential of C. buxicola was determined on 32 Buxus cultivars (Figure 6.2). 
Three 3-year-old plants per cultivar were inoculated and incubated to induce sporulation as 
described above. Following incubation, 2x20 diseased leaves were arbitrarily sampled from each 
plant. Due to their large leaf size only 2x10 leaves were collected from each B. balearica or B. 
sempervirens ‘Rotundifolia’ plant and due to their small leaf size 2x30 leaves were collected from 
each B. microphylla ‘Morris Midget’, B. microphylla ‘John Baldwin’, B. microphylla ‘Henry Hohman’ or 
B. microphylla ‘Golden Dream’ plant. For each cultivar, 20 leaves per plant (or equivalent) were 
bulked in a 50 mL Falcon tube (Corning Incorporated, Corning, NY, United States). Two replicate 
tubes were generated per cultivar. Conidia were released after intensive vortexing in 20 mL 0.1 % 
(vol) Tween 20. The concentrations of conidia were determined using a haemocytometer (three 
replicate countings). In addition, the leaves from each tube were mounted between glass plates with 
the abaxial side up and photographed together with a reference ruler above high contrasting blue 
paper. The total lesion area of each leaf set (30 to 90 leaves) was assessed quantitatively using the 
ASSESS disease quantification software (The American Phytopathological Society, St.-Paul, MN). The 
conidia counts and corresponding lesion areas of the leaves in each tube were used to calculate the 
average sporulating potential per cm² lesion area. Sporulation capacities were log-transformed prior 
to statistical analysis to normalize variances. Transformed data was subjected to statistical analysis 
using one-way ANOVA (STATISTICA), and means were separated using the Tukey’s HSD post-hoc test.  
6.2.6 Minimum leaf wetness duration for infection 
Leaf wetness is essential for a succesfull infection (Henricot et al., 2000). The minimum leaf wetness 
durations (MLW’s) needed for infection (= infection speed of the pathogen) were determined for the 
economically important B. sempervirens, B. sempervirens ‘Suffruticosa’ and B. microphylla ‘Faulkner’. 
Plants were inoculated as described above and incubated for specific time periods, in some 
experiments also at different temperatures. Near 100% humidity was maintained to ensure leaf 
wetness. Following incubation, the leaves were surface-sterilized by spraying them intensively with 
70% EtOH, destroying all conidia and fungal hyphae on the leaf surface, but not the hyphae that had 
in the mean time penetrated the plant. We will refer to these incubation periods of leaf wetness 
before sterilization as ‘LWBS’ (characterized by a LWBS duration and incubation temperature). When 
the EtOH was evaporated (approximately 20 min post application), plants were incubated again, this 
time under conducive conditions (temperatures between 19.5-22.5°C depending on the test, near 
100% humidity) to ensure lesion development from the hyphae that had penetrated the plant before 
the surface sterilization. The % diseased leaves was determined 7 days post inoculation. At a given 
temperature, the lowest LWBS duration demonstrating symptom development was witheld as MLW 
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for infection. Disease development was expressed as % diseased leaves relative to a non-sterilized 
positive control (NSPC). Non-inoculated plants (negative controls: NC) and inoculated but almost 
immediately sterilized (15 min after inoculation) plants (sterilized positive control: SPC) were 
included in each experiment. In total, four different tests were conducted using this method (MLW 
experiments 1-4).  
In the first experiment (MLW exp. 1), the disease development following LWBS’s of 0, 4, 8, 12, 16, 20 
and 24 h were determined, and expressed relatively to the disease development on the NSPC. For 
each combination of cultivar (B. sempervirens, B. sempervirens ‘Suffruticosa, B. microphylla 
‘Faulkner’) and LWBS, six two-year old plants were tested. This experiment was repeated (MLW exp. 
2), but with a different set of LWBS durations, selected based on the results in the first test. To 
determine the MLW for infection with higher resolution we used: 4, 5, 6, 7 and 8 h for B. 
sempervirens ‘Suffruticosa’and B. microphylla ‘Faulkner’; 8, 9, 10, 11 and 12 h for B. sempervirens. A 
constant incubation temperature (20°C) was maintained during these two tests. In MLW experiments 
3 and 4, inoculated plants were not only subjected to different LWBS durations, but also different 
LWBS incubation temperatures. Eight replicate plants per combination of cultivar (B. sempervirens 
and B. sempervirens ‘Suffruticosa’), LWBS duration (6, 12, 24, 48 h) and LWBS incubation 
temperature were tested. In MLW experiment 3, LWBS incubation temperatures of 6.0, 12.0, 17.6 
and 22.4 °C were tested. To determine the effect of temperature on MLW for infection with higher 
precision, this test was repeated (MLW exp. 4) at temperatures 12.0, 14.4, 16.3, 17.6 and 19.6 °C.  
6.3 Results 
6.3.1 Host susceptiblity screening under controlled conditions 
Results of this screening are listed in Table 6.2 (percentages of diseased leaves) and Table 6.3 (lesion 
sizes). Mean host-specific percentages of diseased leaves (± stdev) ranged from 44.5 ± 8.6 % (B. 
sempervirens ‘Handsworthiensis’) to 94.0 ± 1.9 % (B. bodinieri). The cultivar effect on % disease 
leaves and lesion size was highly significant (P < 0.001). The differences in % diseased leaves between 
the B. sempervirens cultivars (mean % diseased leaves ± stdev. = 77.9 ± 11.5 %, n = 19) and the 
species belonging to the B. microphylla genetic cluster (mean % diseased leaves ± stdev. = 85.1 ± 8.5 
%, n = 15) was just outside the 5% threshold level for statistical significance (P = 0.06, unequal N HSD 
post hoc test) under these optimal, controlled conditions. Mean lesion sizes, however, was 
significantly smaller in species and cultivars of the B. microphylla genetic cluster (3.14 ± 0.56 mm, n = 
15) than in B. sempervirens and its cultivars (4.50 ± 0.50 mm, n = 19) (P = 0.0001, unequal N HSD post 
hoc test). 
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  Mean percentages of diseased leaves (%) (± stdev, n=4) Cultivar-specific  
Buxus cultivar CB002 CB032 JKI 10/07-1 09-1762 STE-U 3399 
Mean  
(± stdev, n=5) 
B. bodinieri 94.50 ± 5.20 96.75 ± 4.50 94.50 ± 5.20 92.25 ± 4.50 92.00 ± 9.06 94.0 ± 1.9 
B. balearica 94.5 ± 5.2 94.5 ± 5.2 92.3 ± 4.5 96.8 ± 4.5 90.0 ± 0.0 93.6 ± 2.6 
B. semp. 'Tall Boy' 94.3 ± 9.5 87.3 ± 12.3 90.0 ± 0.0 92.3 ± 4.5 90.0 ± 0.0 90.8 ± 2.6 
B. micr. 'Morris Midget' 94.5 ± 5.2 94.5 ± 5.2 90.0 ± 0.0 87.3 ± 12.3 82.5 ± 9.6 89.8 ± 5.1 
B. semp. 'Angustifolia' 85.0 ± 10.0 92.0 ± 9.1 90.0 ± 0.0 90.0 ± 0.0 90.0 ± 0.0 89.4 ± 2.6 
B. micr. 'Rococo' 92.0 ± 9.1 92.3 ± 4.5 80.0 ± 11.5 89.5 ± 13.7 87.3 ± 12.3 88.2 ± 5.0 
B. harlandii 'China' 83.3 ± 11.5 93.0 ± 5.2 80.0 ± 14.1 86.3 ± 14.8 90.0 ± 0.0 86.5 ± 5.2 
B. micr. 'Sunnyside' 87.3 ± 12.3 90.0 ± 0.0 85.0 ± 10.0 85.0 ± 10.0 80.0 ± 11.5 85.5 ± 3.7 
B. semp. 'Planifolia Haller' 90.0 ± 0.0 92.3 ± 4.5 75.0 ± 10.0 82.3 ± 14.6 87.5 ± 5.0 85.4 ± 6.9 
B. micr. 'National' 92.0 ± 9.1 92.3 ± 4.5 80.0 ± 11.5 82.5 ± 9.6 80.0 ± 11.5 85.4 ± 6.3 
B. harlandii 'Richard' 82.3 ± 14.6 84.5 ± 16.7 87.3 ± 12.3 89.5 ± 13.7 82.5 ± 9.6 85.2 ± 3.1 
B. semp. 'Newport Blue' 90.0 ± 0.0 87.5 ± 5.0 75.0 ± 10.0 80.0 ± 11.5 82.5 ± 9.6 83.0 ± 6.0 
B. semp. 'Justin Brouwers' 85.0 ± 10.0 84.8 ± 12.5 75.0 ± 19.1 82.3 ± 14.6 85.0 ± 10.0 82.4 ± 4.3 
B. semp. 'Suffruticosa' 85.0 ± 10.0 80.0 ± 11.5 85.0 ± 10.0 80.0 ± 11.5 80.0 ± 11.5 82.0 ± 2.7 
B. micr. 'Faulkner' 77.5 ± 15.0 85.0 ± 10.0 70.0 ± 0.0 85.0 ± 10.0 80.0 ± 11.5 79.5 ± 6.2 
B. micr. 'Riparia' 83.3 ± 11.5 83.3 ± 11.5 70.0 ± 20.0 79.7 ± 26.1 79.7 ± 16.7 79.2 ± 5.5 
B. semp. 'Rosalia' 70.0 ± 28.3 80.0 ± 14.1 70.0 ± 0.0 90.0 ± 0.0 85.0 ± 7.1 79.0 ± 8.9 
B. semp. 'Rotundifolia' 75.0 ± 10.0 90.0 ± 0.0 80.0 ± 11.5 70.0 ± 16.3 80.0 ± 11.5 79.0 ± 7.4 
B. micr. 'Belvédère' 80.0 ± 11.5 82.3 ± 21.9 70.0 ± 16.3 70.0 ± 16.3 82.5 ± 9.6 77.0 ± 6.4 
B. semp. 'Blauer Heinz' 70.0 ± 0.0 77.5 ± 9.6 80.0 ± 11.5 65.0 ± 10.0 72.5 ± 12.6 73.0 ± 6.0 
B. micr. 'Koreana' 77.3 ± 14.5 77.5 ± 9.6 70.0 ± 16.3 70.0 ± 0.0 70.0 ± 0.0 73.0 ± 4.0 
B. semp. 'Ingrid' 70.0 ± 0.0 80.0 ± 11.5 60.0 ± 8.2 80.0 ± 11.5 72.5 ± 12.6 72.5 ± 8.3 
B. semp. 'King Midas' 75.0 ± 10.0 70.0 ± 0.0 70.0 ± 0.0 75.0 ± 10.0 72.5 ± 12.6 72.5 ± 2.5 
B. semp. 'Varifolia' 75.0 ± 10.0 62.5 ± 9.6 75.0 ± 10.0 77.5 ± 9.6 70.0 ± 0.0 72.0 ± 6.0 
B. semp. 'Latifolia Maculata' 75.0 ± 10.0 75.0 ± 10.0 65.0 ± 5.8 75.0 ± 10.0 70.0 ± 8.2 72.0 ± 4.5 
B. micr. 'Trompenburg' 82.5 ± 9.6 70.0 ± 16.3 60.0 ± 11.5 77.5 ± 9.6 62.5 ± 9.6 70.5 ± 9.6 
B. 'Green Mound' 77.5 ± 15.0 72.5 ± 12.6 67.5 ± 5.0 70.0 ± 0.0 65.0 ± 5.8 70.5 ± 4.8 
B. micr. 'Golden Dream' 72.5 ± 12.6 80.0 ± 11.5 65.0 ± 10.0 70.0 ± 0.0 62.5 ± 9.6 70.0 ± 6.8 
B. semp. 'Memorial' 70.0 ± 16.3 75.0 ± 10.0 55.0 ± 10.0 70.0 ± 0.0 70.0 ± 0.0 68.0 ± 7.6 
B. semp. 'Elegantissima' 65.0 ± 10.0 65.0 ± 10.0 60.0 ± 11.5 67.5 ± 5.0 57.5 ± 9.6 63.0 ± 4.1 
B. 'Green Gem' 60.0 ± 11.5 70.0 ± 0.0 55.0 ± 10.0 57.5 ± 9.6 57.5 ± 15.0 60.0 ± 5.9 
B. micr. 'Henry Hohman' 55.0 ± 10.0 70.0 ± 16.3 52.5 ± 23.6 67.5 ± 5.0 52.5 ± 5.0 59.5 ± 8.6 
B. semp. 'Dark Sky' 60.0 ± 11.5 70.0 ± 0.0 55.0 ± 12.9 60.0 ± 11.5 52.5 ± 5.0 59.5 ± 6.7 
Buxus micr. 'John Baldwin' 60.0 ± 25.8 57.5 ± 15.0 55.0 ± 19.1 60.0 ± 11.5 52.5 ± 5.0 57.0 ± 3.3 
B. sempervirens 52.5 ± 5.0 57.5 ± 9.6 55.0 ± 19.1 65.0 ± 10.0 52.5 ± 12.6 56.5 ± 5.2 
B. semp. 'Glauca' 57.5 ± 9.6 60.0 ± 11.5 37.5 ± 15.0 57.5 ± 9.6 57.5 ± 9.6 54.0 ± 9.3 
B. semp. 'Handsworthiensis' 42.5 ± 9.6 47.5 ± 20.6 40.0 ± 11.5 57.5 ± 9.6 35.0 ± 17.3 44.5 ± 8.6 
 
 
Table 6.2 Mean percentages of diseased leaves (7 DPI) following inoculation of five Cylindrocladium buxicola isolates on a 
selection of 37 Buxus cultivars. All isolates belong to the G1 lineage, with the exception of G2 isolate JKI 10/07-1. Data is 
ranked from highest to lowest cultivar-specific mean % diseased leaves. B. semp. = B. sempervirens, B. micr. = B. 
microphylla. 
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  Mean lesion diameters (± stdev, n=4) (mm) Cultivar-specific  
Buxus cultivar CB002 CB032 JKI 10/07-1 09-1762 STE-U 3399 
Mean (± stdev, 
n=5) 
B. semp. 'Varifolia' 4.50 ± 1.15 5.00 ± 1.00 5.50 ± 0.00 5.50 ± 0.00 5.50 ± 0.00 5.20 ± 0.45 
B. semp. 'Suffruticosa' 4.75 ± 0.96 5.50 ± 0.00 5.50 ± 0.00 5.50 ± 0.00 4.75 ± 0.96 5.20 ± 0.41 
B. semp. 'Blauer Heinz' 4.50 ± 1.15 5.25 ± 0.50 5.00 ± 1.00 5.25 ± 0.50 5.00 ± 1.00 5.00 ± 0.31 
B. semp. 'Latifolia Maculata' 5.00 ± 1.00 4.75 ± 0.96 4.25 ± 0.96 5.00 ± 1.00 5.50 ± 0.00 4.90 ± 0.45 
B. semp. 'Tall Boy' 5.50 ± 0.00 5.00 ± 1.00 4.00 ± 1.00 5.00 ± 1.00 5.00 ± 1.00 4.90 ± 0.55 
B. semp. 'Glauca' 5.00 ± 1.00 4.00 ± 1.91 5.25 ± 0.50 5.00 ± 1.00 5.00 ± 1.00 4.85 ± 0.49 
B. semp. 'Memorial' 4.75 ± 0.96 4.50 ± 1.15 4.50 ± 1.15 5.00 ± 1.00 5.50 ± 0.00 4.85 ± 0.42 
B. 'Green Mound' 5.00 ± 1.00 3.50 ± 1.63 5.25 ± 0.50 4.50 ± 1.15 5.50 ± 0.00 4.75 ± 0.79 
B. semp. 'Rotundifolia' 4.50 ± 1.15 5.00 ± 1.00 4.50 ± 1.15 4.50 ± 1.15 5.00 ± 1.00 4.70 ± 0.27 
B. semp. 'Handsworthiensis' 5.00 ± 1.00 4.00 ± 1.91 4.50 ± 1.15 4.50 ± 1.15 5.00 ± 1.00 4.60 ± 0.42 
B. semp. 'Dark Sky' 4.00 ± 1.00 4.50 ± 1.15 4.50 ± 1.15 5.00 ± 1.00 5.00 ± 1.00 4.60 ± 0.42 
B. semp. 'Newport Blue' 4.75 ± 0.96 4.50 ± 1.15 4.75 ± 0.96 4.50 ± 1.15 4.50 ± 1.15 4.60 ± 0.14 
B. semp. 'Planifolia Haller' 4.50 ± 1.15 3.50 ± 0.00 4.00 ± 1.00 5.50 ± 0.00 4.75 ± 0.96 4.45 ± 0.76 
B. sempervirens 4.00 ± 1.00 4.00 ± 1.00 3.75 ± 0.50 5.00 ± 1.00 4.50 ± 1.15 4.25 ± 0.50 
B. semp. 'Angustifolia' 4.00 ± 1.00 3.00 ± 1.91 5.00 ± 1.00 4.25 ± 0.96 5.00 ± 1.00 4.25 ± 0.83 
B. semp. 'Ingrid' 4.00 ± 1.00 3.50 ± 0.00 4.00 ± 0.58 4.75 ± 0.96 4.00 ± 1.00 4.05 ± 0.45 
B. semp. 'King Midas' 3.50 ± 0.00 4.00 ± 1.00 4.50 ± 1.15 4.00 ± 1.91 4.00 ± 1.00 4.00 ± 0.35 
Buxus micr. 'John Baldwin' 3.75 ± 1.71 4.00 ± 1.00 3.25 ± 0.50 4.50 ± 1.15 4.00 ± 1.00 3.90 ± 0.45 
B. semp. 'Justin Brouwers' 3.75 ± 0.50 3.25 ± 1.71 4.00 ± 1.00 4.00 ± 1.00 4.00 ± 1.00 3.80 ± 0.33 
B. semp. 'Rosalia' 2.83 ± 1.15 3.50 ± 0.00 3.50 ± 0.00 5.50 ± 0.00 3.50 ± 0.00 3.77 ± 1.01 
B. micr. 'Morris Midget' 4.00 ± 1.00 4.00 ± 1.00 3.50 ± 1.63 4.00 ± 1.00 3.00 ± 1.00 3.70 ± 0.45 
B. micr. 'Sunnyside' 4.00 ± 1.00 2.75 ± 0.96 3.50 ± 0.00 4.00 ± 1.00 3.50 ± 0.00 3.55 ± 0.51 
B. micr. 'Koreana' 4.00 ± 1.00 3.50 ± 1.63 2.75 ± 0.96 4.00 ± 1.00 3.50 ± 1.63 3.55 ± 0.51 
B. semp. 'Elegantissima' 4.50 ± 1.15 2.50 ± 1.15 3.50 ± 0.00 3.50 ± 1.63 3.50 ± 0.00 3.50 ± 0.71 
B. micr. 'Trompenburg' 3.50 ± 1.63 3.00 ± 1.00 3.25 ± 1.71 4.00 ± 1.91 3.50 ± 2.31 3.45 ± 0.37 
B. micr. 'Faulkner' 4.25 ± 0.96 3.50 ± 0.00 3.50 ± 0.00 3.25 ± 0.50 2.75 ± 0.96 3.45 ± 0.54 
B. balearica 3.00 ± 1.00 3.50 ± 0.00 3.50 ± 0.00 3.50 ± 0.00 3.50 ± 0.00 3.40 ± 0.22 
B. micr. 'Henry Hohman' 3.50 ± 1.63 3.00 ± 1.00 4.00 ± 1.00 4.00 ± 1.91 2.50 ± 1.15 3.40 ± 0.65 
B. micr. 'National' 3.00 ± 1.00 3.50 ± 0.00 3.50 ± 0.00 4.00 ± 1.00 3.00 ± 1.00 3.40 ± 0.42 
B. harlandii 'China' 1.50 ± 0.00 3.50 ± 0.00 4.50 ± 1.41 3.50 ± 0.00 3.50 ± 0.00 3.30 ± 1.10 
B. 'Green Gem' 2.50 ± 1.15 4.00 ± 1.91 3.00 ± 1.00 4.00 ± 1.91 2.50 ± 1.15 3.20 ± 0.76 
B. harlandii 'Richard' 3.50 ± 0.00 3.00 ± 1.00 3.00 ± 1.00 3.00 ± 1.00 3.50 ± 0.00 3.20 ± 0.27 
B. micr. 'Golden Dream' 3.50 ± 0.00 2.00 ± 1.00 2.50 ± 1.15 2.50 ± 1.15 3.00 ± 1.00 2.70 ± 0.57 
B. micr. 'Belvédère' 2.75 ± 0.96 2.50 ± 1.15 2.25 ± 0.96 2.50 ± 1.15 3.00 ± 1.00 2.60 ± 0.29 
B. micr. 'Rococo' 3.00 ± 1.91 2.00 ± 1.00 2.25 ± 0.96 3.00 ± 1.00 2.25 ± 0.96 2.50 ± 0.47 
B. bodinieri 2.50 ± 0.82 2.75 ± 0.96 2.50 ± 1.15 2.50 ± 1.15 2.00 ± 0.58 2.45 ± 0.27 
B. micr. 'Riparia' 2.00 ± 1.00 2.17 ± 1.15 1.50 ± 0.00 1.83 ± 0.58 2.17 ± 1.15 1.93 ± 0.28 
 
 
Tabel 6.3 Mean lesion diameters (mm) (7 DPI) following inoculation of five Cylindrocladium buxicola isolates on a selection 
of 37 Buxus cultivars. All isolates belong to the G1 lineage, with the exception of G2 isolate JKI 10/07-1. Data is ranked 
from highest to lowest cultivar-specific mean lesion diameter. B. semp. = B. sempervirens, B. micr. = B. microphylla. 
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6.3.2 Host susceptibility screenings under (semi-)practical conditons 
All mean percentages of diseased leaves determined during the different evaluations are listed in 
Appendix 2 Table 1 (Experiment 1A), Appendix 2 Table 2 (Experiment 1B) and Table 6.4 (Experiment 
2). The results of the relative visual scorings are listed in Appendix 2 Table 3 (Experiment 1A) and 
Table 6.5 (Experiment 2). The weather conditions during the course of each host susceptibility 
screening and the corresponding disease development are shown in Appendix 2 Figure 1 (Experiment 
1A), Appendix 2 Figure 2 (Experiment 1B) and Figure 6.1 (Experiment 2). Although there were 
differences in experiment design (irrigation frequency, plant density), plant stage (age of test plants, 
ratio of young to mature leaves) and weather conditions, overall relative susceptibility results were 
comparable over the three experiments. Table 6.6 shows the mean cultivar-specific percentages of 
diseased leaves for each experiment at the evaluation points with highest overall % diseased leaves 
(Exp. 1A: 69 dpi; Exp. 1B: 35 dpi ;Exp. 2: 64 dpi). A mean ranking score is added, describing the overall 
susceptibility (ranking score of 1 represents the cultivar having the lowest % diseased leaves in the 
specific experiment, at the evaluation point with highest overall disease pressure). The lower this 
mean score, the less susceptible the cultivar has been scored during the combined experiments. In all 
three experiments, and in the combined ranking, B. sempervirens cultivars proved to be significantly 
more susceptible than the Buxus species belonging to the B. microphylla genetic cluster (combined 
ranking: P = 0.025).  
Under optimal conditions (section 6.3.1), percentages of diseased leaves were generally higher on 
cultivars of the B. microphylla cluster than of the B. sempervirens cluster. However, under the (semi-) 
practical conditions of the outdoor experiment, B. sempervirens cultivars were significantly more 
susceptible (Table 6.6: mean rank = 20.0, n = 18) than the cultivars belonging to the B. microphylla 
cluster (Table 6.6: mean rank = 11.14, n = 12) (P = 0.025). B. microphylla ‘Morris Midget’ was a 
remarkable exception on this general rule (mean rank = 32). Within the B. sempervirens cluster, the 
cultivars ’Suffruticosa’, ‘Memorial’ and ‘Blauer Heinz’ were extremely susceptible (Table 6.6: mean 
ranks ≥ 28.0). B. sempervirens and its cultivars ‘Elegantissima’, ‘Handsworthiensis’ and ‘Newport 
Blue’ on the other hand were less susceptible (Table 6.6: mean ranks 21.3-23.0). 
The results of the different experiments under (semi-)practical conditions demonstrate larger 
variations in lesion sizes, compared to the experiment conducted under optimal conditions. 
Generally, leaf lesions were larger on B. sempervirens cultivars (lesion size 2-3, Table 6.5) than 
cultivars of the B. microphylla cluster (lesion sizes 0-2, Table 6.5). Moreover, we clearly observed 
arrested lesion growth for several Buxus species and cultivars. The most remarkable example was B. 
microphylla ‘Trompenburg’, in which lesions never grew bigger than 1 mm (point lesions) (Table 6.5) 
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under practical conditions, even 5-6 weeks after the initial observation, while the same C. buxicola 
isolate (CB002) generated lesions of 3.50 ± 1.63 mm diameter only one week after inoculation under 
controlled conditions (Table 6.4). Other Buxus cultivars that clearly demonstrated arrested lesion 
growth were B. microphylla cultivars ‘Faulkner’, ‘Belvédère, ‘Sunnyside’, ‘National’, ‘Golden Dream’, 
‘Rococo’, B. bodinieri, B. harlandii and B. balearica, although to a lesser extent than B. microphylla 
‘Trompenburg’. The other tested cultivars belonging to the B. microphylla genetic cluster, B. 
microphylla ‘Koreana’, ‘Henry Hohman’, ‘John Baldwin’ and ‘Morris Midget’, distinguished 
themselves in having high leaf drop incidences (see further). Diseased leaves tended to drop very fast 
in these cultivars, before reliable conclusions about possible arrested lesion growth could be made. 
This feature was clearly absent in B. sempervirens cultivars, however, although the appearance of 
orange leaf discoloration in some of these cultivars seems to be correlated with a weak slow-down in 
lesion growth.  
Clear differences in susceptibility were also observed between young and mature leaves, both in 
lesion size and in % diseased leaves. Young leaves were more susceptible to infection under 
controlled and semi-practical humid conditions (Host susceptibility experiments 1A and B). Under the 
less humid conditions of susceptibility experiment 2, the young leaves of some cultivars 
demonstrated absence of lesions (e.g. B.sempervirens cultivars ‘Glauca’, ’Rotundifolia’, ‘Varifolia’, 
‘Newport blue’ ‘Handsworthiensis’) or fewer lesions than on the mature leaves (Table 6.6).  
Substantial increases in disease development were observed following (intense) rain events (e.g. 57 
dpi, Figure 6.1), supporting the conclusions made about spread of this pathogen in Chapter 5. 
However, our data cleary indicated that a solitary intense rain event was not sufficient to cause 
strong disease development (e.g. 74 dpi, Figure 6.1), but also had to be followed by a long wet period 
(e.g. 57-61 dpi, Figure 6.1), creating the leaf wetness needed for effective infections. In addition, 
average day temperatures of 15 °C and higher seemed essential to cause disease development. 
Under certain weather conditions (e.g. 25-45 dpi, Figure 6.1), cultivar-weather interactions were 
observed. Some of the more susceptible cultivars (e.g. B. microphylla ‘Morris Midget’, B. 
sempervirens ‘Suffruticosa’, B. sempervirens ‘Memorial’) demonstrated (weak) new disease 
development under these conditions, while this was not observed with most of the other cultivars. 
These new lesions dit not necessarily lead to increases in the percentages of diseased leaves (Table 
6.5, Figure 6.1), as this weak disease development was often neutralized by an equally high or higher 
drop of diseased leaves. Weather conditions that are only moderately conducive for C. buxicola 
allows disease development only on the most susceptible Buxus cultivars.  
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Table 6.4 Percentages of diseased leaves (± stdev, n=4) of 32 Buxus cultivars at approximately weekly intervals during the 84 days post inoculum placement of host susceptibility experiment 2. 
The cultivars were tested in a randomized block design, each replicate block consisting of a continuous series of trays with test plants and inoculum plants. Cultivars are ranked from highest to 
lowest % diseased leaves at the evaluation point with highest overall disease pressure (64 days post inoculum placement). B. semp. = B. sempervirens, B. micr. = B. microphylla. 
Buxus cultivar 8 15 21 28 35 43 49 57 64 70 78 84 
B. micr. 'Morris Midget' 24.3 ± 2.4 35.1 ± 5.6 25.3 ± 5.1 21.1 ± 4.4 30.6 ± 9.2 24.5 ± 3.3 19.0 ± 4.0 10.4 ± 2.7 55.8 ± 10.0 52.5 ± 10.7 13.1 ± 12.9 12.0 ± 11.8 
B. semp. 'Memorial' 4.9 ± 3.1 10.5 ± 3.9 10.7 ± 6.2 11.5 ± 7.1 10.9 ± 8.6 12.2 ± 8.4 11.8 ± 7.5 8.2 ± 5.5 55.6 ± 14.8 54.0 ± 15.5 8.8 ± 4.0 8.7 ± 4.1 
B. semp. 'Suffruticosa' 10.0 ± 3.1 14.2 ± 3.9 12.0 ± 2.0 12.9 ± 1.6 9.7 ± 3.6 9.9 ± 4.7 8.7 ± 5.3 6.4 ± 3.5 51.6 ± 6.3 41.3 ± 11.2 7.6 ± 2.1 7.0 ± 2.5 
B. balearica 16.6 ± 13.4 21.2 ± 14.4 20.7 ± 14.3 20.8 ± 13.9 21.5 ± 12.7 19.7 ± 12.9 18.6 ± 10.0 17.0 ± 9.6 29.8 ± 10.0 29.9 ± 10.4 28.8 ± 10.7 26.9 ± 12.4 
B. semp. 'Blauer Heinz' 3.3 ± 1.3 9.2 ± 3.1 7.0 ± 3.0 6.6 ± 2.9 3.7 ± 1.7 5.7 ± 3.3 5.4 ± 3.4 3.1 ± 2.1 18.6 ± 9.5 17.0 ± 9.3 6.2 ± 4.3 4.7 ± 2.5 
B. 'Green Gem' 5.3 ± 1.7 8.0 ± 2.4 8.3 ± 3.1 6.8 ± 3.0 4.6 ± 1.4 4.3 ± 1.4 4.5 ± 1.3 2.1 ± 0.9 14.0 ± 4.3 12.1 ± 4.1 5.3 ± 2.0 4.3 ± 1.6 
B. semp. 'Planifolia H.' 16.9 ± 12.0 14.3 ± 7.9 8.6 ± 6.1 5.5 ± 3.7 3.4 ± 2.7 2.1 ± 1.3 1.7 ± 1.1 0.3 ± 0.2 13.7 ± 2.8 11.7 ± 2.2 4.6 ± 0.9 3.4 ± 0.1 
B. semp. 'Dark Sky' 6.9 ± 4.2 8.5 ± 5.2 7.5 ± 4.3 4.8 ± 3.1 2.2 ± 1.4 1.3 ± 1.0 1.0 ± 0.5 0.5 ± 0.3 11.2 ± 6.7 9.7 ± 5.7 4.4 ± 3.2 2.3 ± 1.7 
B. semp. 'Glauca' 4.7 ± 4.6 8.2 ± 5.7 7.8 ± 5.5 4.9 ± 2.2 2.7 ± 0.4 2.3 ± 0.4 1.7 ± 0.5 1.0 ± 0.3 10.7 ± 5.5 9.4 ± 4.9 5.1 ± 2.4 3.4 ± 1.9 
B. semp. 'Tall Boy' 5.0 ± 1.5 7.4 ± 1.3 7.6 ± 1.2 4.3 ± 1.6 3.4 ± 0.7 2.3 ± 0.7 1.7 ± 1.3 0.9 ± 0.8 10.7 ± 2.8 9.1 ± 2.7 4.1 ± 0.8 3.1 ± 0.8 
B. semp. 'Latifolia M.' 5.4 ± 1.3 8.7 ± 1.0 8.1 ± 1.1 8.2 ± 0.7 6.9 ± 0.9 6.0 ± 1.0 5.6 ± 0.7 4.4 ± 1.1 9.6 ± 1.8 8.8 ± 1.9 7.1 ± 2.7 6.0 ± 2.1 
B. semp. 'Varifolia' 4.7 ± 1.8 9.0 ± 3.1 7.8 ± 3.4 6.5 ± 1.6 5.6 ± 1.9 4.6 ± 1.3 4.3 ± 1.1 3.3 ± 1.2 9.3 ± 2.4 8.9 ± 1.8 6.7 ± 0.9 6.2 ± 0.5 
B. semp. 'Handsworth.' 1.5 ± 1.2 3.5 ± 3.2 3.1 ± 2.7 2.5 ± 2.3 2.4 ± 2.4 1.9 ± 1.8 1.6 ± 1.7 1.0 ± 1.1 8.9 ± 4.7 7.2 ± 3.7 4.5 ± 2.2 3.2 ± 1.7 
B. semp. 'Rotundifolia' 3.3 ± 1.7 5.0 ± 3.3 5.0 ± 2.9 4.3 ± 2.2 3.1 ± 1.4 2.3 ± 0.9 2.3 ± 0.9 1.2 ± 0.4 8.5 ± 2.6 7.6 ± 2.6 4.3 ± 0.8 3.6 ± 0.5 
B. semp. 'Justin B.' 4.4 ± 2.0 5.3 ± 1.5 5.5 ± 2.4 5.0 ± 2.0 3.4 ± 1.6 2.5 ± 1.5 2.3 ± 1.7 1.2 ± 0.8 8.3 ± 0.9 7.1 ± 0.6 4.2 ± 1.9 3.3 ± 1.4 
B. semp. 'Ingrid' 4.4 ± 1.0 10.2 ± 0.6 9.4 ± 1.4 7.6 ± 0.7 3.9 ± 0.4 3.3 ± 0.4 2.5 ± 0.7 1.5 ± 0.4 8.2 ± 2.7 7.5 ± 2.5 4.6 ± 0.9 3.7 ± 0.7 
B. semp. 'King Midas' 3.8 ± 2.5 5.7 ± 2.3 5.5 ± 2.5 5.0 ± 2.5 3.0 ± 1.5 2.5 ± 1.3 1.8 ± 1.0 1.2 ± 0.7 7.4 ± 2.3 7.1 ± 2.6 5.4 ± 1.8 5.6 ± 1.8 
B. micr. 'Sunnyside' 3.5 ± 2.1 4.3 ± 2.1 3.4 ± 2.1 3.3 ± 1.9 3.9 ± 2.1 3.6 ± 0.8 3.3 ± 1.5 3.1 ± 1.5 7.4 ± 7.2 3.8 ± 2.1 3.2 ± 1.9 2.6 ± 1.2 
B. micr. 'Rococo' 2.9 ± 0.8 4.1 ± 1.7 4.2 ± 2.7 4.9 ± 3.0 5.6 ± 2.9 5.8 ± 3.1 5.7 ± 3.0 5.7 ± 2.9 6.7 ± 2.8 6.7 ± 2.8 6.5 ± 2.9 6.4 ± 2.8 
B. micr. 'National' 3.3 ± 3.8 3.0 ± 2.4 2.6 ± 2.2 2.5 ± 2.0 2.5 ± 2.3 2.2 ± 1.9 2.0 ± 1.9 1.9 ± 1.8 6.5 ± 1.1 6.3 ± 1.0 5.3 ± 1.0 4.3 ± 1.7 
B. semp. 'Elegantissisima' 4.6 ± 2.5 8.4 ± 4.8 6.4 ± 4.0 5.0 ± 2.8 4.4 ± 2.5 3.2 ± 1.5 3.3 ± 1.2 1.9 ± 0.4 5.9 ± 1.9 4.9 ± 1.4 2.8 ± 1.1 2.5 ± 0.8 
B. micr. 'John Baldwin' 2.7 ± 1.3 3.1 ± 1.7 2.4 ± 1.7 1.3 ± 0.9 0.6 ± 0.4 0.2 ± 0.1 0.2 ± 0.3 0.0 ± 0.0 5.6 ± 2.0 4.5 ± 1.6 0.1 ± 0.1 0.1 ± 0.1 
B. bodinieri 2.6 ± 0.7 3.2 ± 1.8 3.1 ± 1.7 3.8 ± 2.8 4.8 ± 2.8 4.8 ± 3.0 4.6 ± 3.2 4.3 ± 3.3 5.2 ± 3.1 6.3 ± 1.8 6.2 ± 1.9 6.1 ± 1.9 
B. semp. 'Newport Blue' 4.8 ± 1.5 5.8 ± 2.7 3.8 ± 1.2 2.1 ± 0.6 1.0 ± 0.3 0.5 ± 0.2 0.4 ± 0.1 0.2 ± 0.1 4.9 ± 2.8 4.3 ± 2.5 1.4 ± 0.6 0.6 ± 0.5 
B. micr. 'Koreana' 7.2 ± 3.8 12.7 ± 2.1 3.4 ± 0.9 1.3 ± 0.9 1.0 ± 0.6 0.3 ± 0.2 0.2 ± 0.1 0.0 ± 0.0 4.4 ± 2.8 3.0 ± 2.3 0.4 ± 0.4 0.2 ± 0.2 
B. 'Green Mound' 2.4 ± 1.6 4.4 ± 1.5 3.4 ± 1.5 2.8 ± 1.5 1.5 ± 0.9 1.0 ± 0.6 0.7 ± 0.3 0.4 ± 0.2 4.4 ± 2.1 3.9 ± 1.8 1.7 ± 0.8 1.2 ± 0.6 
B. sempervirens 2.8 ± 1.4 4.6 ± 3.1 3.7 ± 2.1 3.2 ± 1.8 2.3 ± 0.7 2.0 ± 0.7 1.5 ± 0.6 1.2 ± 0.5 3.8 ± 2.0 3.4 ± 1.9 2.3 ± 0.8 1.7 ± 0.9 
B. micr. 'Faulkner' 2.5 ± 1.2 4.8 ± 1.9 3.5 ± 1.2 2.8 ± 0.6 2.2 ± 0.5 2.0 ± 0.5 1.8 ± 0.4 1.7 ± 0.5 2.5 ± 1.3 2.3 ± 1.1 1.8 ± 0.8 1.3 ± 0.7 
B. micr. 'Henry Hohman' 1.5 ± 1.5 3.1 ± 2.2 1.0 ± 0.8 0.4 ± 0.5 0.3 ± 0.3 0.1 ± 0.1 0.1 ± 0.2 0.0 ± 0.0 1.9 ± 0.8 1.4 ± 0.7 0.2 ± 0.2 0.0 ± 0.0 
B. micr. 'Trompenburg' 0.8 ± 1.0 1.1 ± 1.0 0.9 ± 0.8 1.0 ± 0.9 1.4 ± 0.7 1.4 ± 0.8 1.3 ± 0.7 1.3 ± 0.6 1.6 ± 0.8 1.5 ± 0.7 1.3 ± 0.6 1.3 ± 0.6 
B. micr. 'Golden Dream' 0.9 ± 0.5 1.0 ± 0.4 0.7 ± 0.3 0.5 ± 0.2 0.7 ± 0.1 0.3 ± 0.1 0.5 ± 0.3 0.3 ± 0.2 1.5 ± 0.4 1.2 ± 0.4 0.5 ± 0.1 0.4 ± 0.1 
B. micr. 'Belvédère' 0.4 ± 0.1 1.4 ± 0.9 0.9 ± 0.6 0.8 ± 0.5 0.7 ± 0.5 0.7 ± 0.4 0.7 ± 0.3 0.6 ± 0.3 0.6 ± 0.4 0.7 ± 0.5 0.6 ± 0.5 0.6 ± 0.6 
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Table 6.5 Morphological descriptions  of the 32 cultivars used in susceptibility experiment 2, and visual scoring/evaluation of different aspects related to disease development on mature (M) 
or young (Y) leaves and twigs of the different cultivars (64 days post inoculum placement) (See Table 6.1 for visual scoring system used). The data is ranked as in Table 6.4. B. semp. = B. 
sempervirens, B. micr. = B. microphylla. 
Buxus cultivar 
Mean # of leaves per test 
plant (±stdev, n=3) 
Growth habit 
Leaf lesion size Relative incidence on 
M vs. Y leaves 
Leaf discoloration 
(mature leaves) 
Defoliaton 
response to 
infection 
Twig lesion incidence General disease 
severity M Y M Y 
B. micr. 'Morris Midget' 253.3 ± 25.2 Very dense 2 2 M = Y absent 3 3 3 4 
B. semp. 'Memorial' 660.0 ± 17.3 Very dense 3 2 M >> Y absent 2 2 1 4 
B. semp. 'Suffruticosa' 700.0 ± 50.0 Very dense 3 2 M >> Y absent 2 2 1 4 
B. balearica 123.3 ± 5.8 Very open 1 2 M > Y strong 0 2 1 3 
B. semp. 'Blauer Heinz' 523.3 ± 40.4 Very dense 3 3 M >> Y weak 2 1 1 3 
B. 'Green Gem' 566.7 ± 61.1 Very dense 2 2 M > Y absent 2 1 1 3 
B. semp. 'Planifolia H.' 390.0 ± 36.1 Open 3 3 M = Y strong 3 1 1 3 
B. semp. 'Dark Sky' 306.7 ± 25.2 Open 3 2 M > Y weak 1 1 1 2 
B. semp. 'Glauca' 286.7 ± 30.6 Very open 3 No lesions   strong 1 1 1 2 
B. semp. 'Tall Boy' 356.7 ± 40.4 Dense 3 3 M > Y strong 2 1 1 2 
B. semp. 'Latifolia M.' 343.3 ± 51.3 Dense 3 3 M >> Y strong 1 1 1 3 
B. semp. 'Varifolia' 333.3 ± 75.7 Open 3 No lesions   strong 1 1 1 2 
B. semp. 'Handsworth.' 300.0 ± 17.3 Very open 3 No lesions   strong 1 1 1 2 
B. semp. 'Rotundifolia' 233.3 ± 28.9 Very open 3 No lesions   strong 1 1 1 2 
B. semp. 'Justin B.' 726.7 ± 23.1 Very dense 3 2 M >> Y weak 1 1 1 2 
B. semp. 'Ingrid' 533.3 ± 76.4 Dense 3 2 M >> Y strong 2 1 1 3 
B. semp. 'King Midas' 753.3 ± 41.6 Very dense 2 2 M > Y weak 1 1 1 2 
B. micr. 'Sunnyside' 516.7 ± 28.9 Dense 1 1 M < Y absent 0 0 0 2 
B. micr. 'Rococo' 966.7 ± 125.8 Very dense 1 1 M = Y absent 0 1 1 2 
B. micr. 'National' 346.7 ± 37.9 Open 1 1 M > Y absent 0 0 0 1 
B. semp. 'Elegantissisima' 606.7 ± 30.6 Very dense 2 2 M > Y absent 1 1 1 1 
B. micr. 'John Baldwin' 603.3 ± 46.2 Dense 2 2 M > Y absent 3 1 1 1 
B. bodinieri 560.0 ± 34.6 Very dense 1 1 M = Y absent 0 1 1 2 
B. semp. 'Newport Blue' 446.7 ± 30.6 Open 3 No lesions   weak 1 1 1 1 
B. micr. 'Koreana' 550.0 ± 50.0 dense 2 2 M > Y absent 3 3 3 2 
B. 'Green Mound' 596.7 ± 45.1 Very dense 2 1 M > Y weak 1 1 1 2 
B. sempervirens 726.7 ± 68.1 Very dense 3 2 M > Y absent 1 1 1 1 
B. micr. 'Faulkner' 596.7 ± 25.2 Dense 1 0 M < Y absent 0 0 0 0 
B. micr. 'Henry Hohman' 613.3 ± 11.5 Dense 2 2 M > Y absent 3 2 2 0 
B. micr. 'Trompenburg' 666.7 ± 61.1 Dense 0 0 M = Y absent 0 0 0 0 
B. micr. 'Golden Dream' 1253.3 ± 50.3 Very dense 2 2 M = Y absent 1 1 1 0 
B. micr. 'Belvédère' 603.3 ± 37.9 Dense 0 0 M < Y absent 0 0 0 0 
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Figure 6.1 Interaction between weather conditions and disease development during susceptibility Experiment 2. A) Mean % diseased 
leaves at the different evaluation points 0-84 days post inoculation (DPI) for a selection of five Buxus cultivars (out of 32 tested): : B. 
microphylla ‘Morris Midget’, : B. balearica, : B. sempervirens ‘Memorial’, : B. sempervirens ‘Suffruticosa’, : B. 
sempervirens ‘Blauer Heinz’. B) Daily rain (L x m
-2
 x day
-1
), with exceptionally intense rain events (> 5 L x m-
2
 x h
-1
) listed above the daily 
rain bars. C) Daily mean relative humidity (%) and minimal, mean and maximal daily temperature (°C) 
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Buxus cultivar Exp. 1A (69 dpi) Exp. 1B (35 dpi) Exp. 2 (64 dpi) Mean rank 
B. micr. 'Faulkner' 0.7 ± 0.2 0.0 ± 0.1 2.5 ± 1.3 3.33 
B. micr. 'Belvédère' 0.8 ± 0.3 0.5 ± 0.2 0.6 ± 0.4 3.67 
B. micr. 'John Baldwin' 0.6 ± 0.2 0.3 ± 0.0 5.6 ± 2.0 5.67 
B. micr. 'Sunnyside' 0.2 ± 0.1 0.2 ± 0.2 7.4 ± 7.2 6.00 
B. micr. 'Golden Dream' 0.5 ± 0.1 1.2 ± 0.5 1.5 ± 0.4 6.67 
B. micr. 'Trompenburg' 1.4 ± 0.6 1.0 ± 0.0 1.6 ± 0.8 7.67 
B. 'Green Mound' 2.3 ± 1.6 0.6 ± 0.5 4.4 ± 2.1 9.00 
B. micr. 'Henry Hohman' 3.5 ± 1.6 0.6 ± 0.6 1.9 ± 0.8 10.00 
B. micr. 'National' 1.3 ± 1.5 0.8 ± 0.0 6.5 ± 1.1 10.33 
B. semp. 'Newport Blue' 2.1 ± 1.9 0.8 ± 0.7 4.9 ± 2.8 10.67 
B. semp. 'Handsworthiensis' 1.8 ± 0.5 0.5 ± 0.2 8.9 ± 4.7 11.33 
B. sempervirens 2.1 ± 0.5 1.6 ± 0.5 3.8 ± 2.0 12.00 
B. semp. 'Elegantissima' 2.7 ± 3.4 0.7 ± 0.2 5.9 ± 1.9 12.33 
B. micr. 'Koreana' 6.4 ± 2.5 0.7 ± 0.4 4.4 ± 2.8 14.33 
B. semp. 'Rotundifolia' 1.6 ± 1.6 1.3 ± 0.0 8.5 ± 2.6 15.33 
B. semp. 'Glauca' 1.5 ± 1.5 1.2 ± 0.6 10.7 ± 5.5 15.67 
B. semp. 'Justin Brouwers' 2.2 ± 0.7 2.2 ± 1.0 8.3 ± 0.9 17.00 
B. micr. 'Rococo' 2.9 ± 1.2 3.0 ± 1.4 6.7 ± 2.8 17.67 
B. semp. 'Varifolia' 3.0 ± 1.3 1.2 ± 0.3 9.3 ± 2.4 18.33 
B. bodinieri 3.8 ± 2.6 6.1 ± 2.9 5.2 ± 3.1 19.33 
B. semp. 'Planifolia Haller' 6.1 ± 2.7 0.6 ± 0.4 13.7 ± 2.8 19.67 
B. semp. 'Dark Sky' 4.0 ± 1.6 1.0 ± 1.0 11.2 ± 6.7 20.33 
B. 'Green Gem' 3.2 ± 2.2 2.3 ± 1.0 14.0 ± 4.3 22.00 
B. semp. 'Angustifolia' 4.5 ± 0.2 2.7 ± 0.5 / 22.50 
B. semp. 'Latifolia Maculata' 3.8 ± 0.3 5.3 ± 0.2 9.6 ± 1.8 22.67 
B. semp. 'King Midas' 28.1 ± 6.7 4.9 ± 4.2 7.4 ± 2.3 23.33 
B. semp. 'Tall Boy' 5.6 ± 1.6 3.1 ± 1.9 10.7 ± 2.8 23.67 
B. semp. 'Ingrid' 6.8 ± 1.8 6.5 ± 1.0 8.2 ± 2.7 24.00 
B. semp. 'Blauer Heinz' 35.0 ± 14.9 6.5 ± 0.3 18.6 ± 9.5 29.00 
B. balearica 12.7 ± 2.5 11.2 ± 5.8 29.8 ± 10.0 29.00 
B. semp. 'Suffruticosa' 40.0 ± 11.0 23.2 ± 9.3 51.6 ± 6.3 31.00 
B. semp. 'Memorial' 56.8 ± 29.8 25.0 ± 6.5 55.6 ± 14.8 32.00 
B. micr. 'Morris Midget' 97.8 ± 3.1 12.5 ± 8.8 55.8 ± 10.0 32.00 
  
Table 6.6 Mean percentages of diseased leaves  (± stdev, n = 2 for Exp. 1A and 1B, n = 4 for Exp. 2) for each host susceptibility 
experiment, at the evaluation points with highest disease pressure (Exp. 1A: 64 DPI; Exp. 1B: 35 DPI; Exp. 2: 64 DPI). The mean rank 
score describes the overall susceptibility in the three experiments, a lower ranking representing a lower average % diseased leaves. 
Part III Chapter 6 
 
152 
 
6.3.3 Host specific in vivo sporulation 
Significant differences in the amount of C. buxicola sporulation supported by different Buxus cultivars 
were observed (Figure 6.2). C. buxicola demonstrated a remarkable high sporulating potential on B. 
microphylla ‘Morris Midget’, statistically differing from all the other tested cultivars (P < 0.001). High 
sporulating capacities were also observed on B. sempervirens and several of its cultivars 
(‘Suffruticosa’, ‘Blauer Heinz’, ‘Justin Brouwers’, ‘Newport Blue’). However, these were not 
statistically different from most of the other cultivars tested.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 6.2 Host specific sporulating potential of C. buxicola (10
4
 conidiospres  cm
-
² diseased leaf area) on a selection of 32 
Buxus cultivars. The sporulating capacities of C. buxicola on cultivars indicated with the same letter (a-f) are not statistically 
different (P>0.05). Error bars represent standard deviations (n=2).  
Sporulation potential (104 conidia cm-2 diseased leaf area) 
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6.3.4 Minimum leaf wetness duration for infection 
All NC and SPC plants were negative for disease development, demonstrating the reliability of the 
sterilization protocol and the test plants used.  
MLW experiment 1 demonstrated a clear effect of cultivar on the MLW needed for infection. B. 
sempervirens ‘Suffruticosa’ and B. microphylla ‘Faulkner’ demonstrated lesion development following 
an LWBS duration of 8 hours (4h < MLW ≤ 8h), while C. buxicola conidia needed 12 h of LWBS 
duration to infect B. sempervirens (8h < MLW ≤ 12h) (at 20.5°C). Based on these results, LWBS 
periods of 4 to 8 h (B. sempervirens ‘Suffruticosa and B. microphylla ‘Faulkner’) or 8 to 12 h (B. 
sempervirens) were tested in MLW experiment 2 (Figure 6.3). This time, lesions were observed 
following 5 hours of leaf wetness for B. sempervirens ‘Suffruticosa’ (4h < MLW ≤ 5h), 6 hours for B. 
microphylla ‘Faulkner’ (5h < MLW ≤ 6h), and 10 hours for B. sempervirens (9h < MLW ≤ 10h) (at 
20°C). Based on MLW experiments 1 and 2, it was decided not to test B. microphylla ‘Faulkner’ in 
further experiments, as its MLW for infection was comparable to B. sempervirens ‘Suffruticosa’. 
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Figure 6.3 Infection severity in function of Buxus cultivar (  B. sempervirens,   B. sempervirens ‘Suffruticosa’,   B. 
microphylla ‘Faulkner’) and leaf wetness period before sterilization (LWBS) (incubation temperature: 20.5°C), expressed as 
the number of diseased leaves relatively to a non-sterilized positive control. Error bars represent standard deviations (n = 6) 
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The results of MLW experiments 3 and 4, presented in Table 6.7 and Table 6.8, respectively, 
demonstrate an increasing infection severity at higher temperatures and during longer periods of 
leaf wetness. During MLW experiment 3 (Table 6.7), lesion development at low temperatures (6.0 
and 12.0°C) was observed solely on young leaves, in combination with relatively long LWBS periods 
(48 h). For mature leaves, a sudden increase in effection severity at all LWBS periods was observed 
between incubation temperatures 12.0 and 17.6 °C. For that reason, additional temperatures in this 
temperature range were tested in MLW experiment 4 (Table 6.9). The lowest temperature observed 
at which C. buxicola conidia were able to infect mature leaves is 14.4°C, in combination with leaf 
wetness periods of 12 h (B. sempervirens ‘Suffruticosa’) or 24 h (B. sempervirens), although with very 
low severity (e.g. B. sempervirens ‘Suffruticosa’, LWBS 12h / 14.4°C: only 2.8% of the infection 
relative to the NSPC (7 days leaf wetness, 19.5°C)). The cultivar-dependency of the MLW period 
needed for infection observed in MLW experiments 1 and 2 was reconfirmed in MLW tests 3 and 4: 
B. sempervirens ‘Suffruticosa’ was again infected at (combinations of) lower temperatures and/or 
shorter leaf wetness periods compared to B. sempervirens.  
Table 6.7 Infection severity as a function of the duration of the leaf wetness period before sterilization (LWBS) and the 
incubation temperature (MLW experiment 3). Infection severity was expressed as % diseased leaves relative to the non-
sterilized control (incubation temperature 22.4°C), for the Buxus cultivars B. sempervirens and B. sempervirens ‘Suffruticosa’ 
(two-year old plants, both young and mature leaves were present) 
    Relative percentages of diseased leaves (± stdev, n=6)a  
Cultivar LWBS (h) 6.0°C 12.0°C 17.6°C 22.4°C 
B. sempervirens 48 0.0 ± 0.0 4.1 ± 5.3 25.3 ± 10.0 43.2 ± 16.4 
  24 0.0 ± 0.0 0.0 ± 0.0 7.5 ± 5.7 13.7 ± 16.3 
  12 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 7.1 ± 7.1 
  6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.8 ± 1.3 
                            
B. sempervirens 
'Suffruticosa' 48 0.5 ± 1.2 0.7 ± 1.2 33.7 ± 12.0 47.8 ± 9.9 
  24 0.0 ± 0.0 0.0 ± 0.0 12.8 ± 10.8 13.3 ± 6.2 
  12 0.0 ± 0.0 0.0 ± 0.0 1.8 ± 1.6 8.2 ± 7.6 
  6 0.0 ± 0.0 0.0 ± 0.0 1.1 ± 1.2 5.2 ± 5.7 
a
 At 6.0 and 12.0°C, lesions were exclusively observed on young leaves. Temperatures of 17.6 and 22.4°C were needed to 
produce lesions on mature leaves.  
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Table 6.8 Infection severity in function of different leaf wetness periods before sterilization (LWBS)  and incubation 
temperatures (MLW experiment 4), expressed as percentages of diseased leaves relative to a non-sterilized control 
(Incubation temperature 19,5°C), for the Buxus cultivars B. sempervirens and B. sempervirens ‘Suffruticosa’ (three-year old 
plants, all leaves matured) 
    Relative percentages of diseased leaves (± stdev, n=6)  
Cultivar  LWBS (h) 12.6°C a 14.4°C 16.3°C 17.6°C 19.5°C 
B. sempervirens 48  0.0 ± 0.0 18.9 ± 11.1 45.4 ± 9.8 48.1 ± 10.5 74.6 ± 22,2 
 
24  0.0 ± 0.0 8.6 ± 6.7 24.9 ± 8.1 32.4 ± 16.4 35.1 ± 11,7 
  12  NT 0.0 ± 0.0 4.9 ± 3.4 5.4 ± 4.9 18.4 ± 11.5 
  6  NT 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.1 ± 1.7 
                                  
B. sempervirens 
'Suffruticosa' 48  0.0 ± 0.0 31.8 ± 9.5 65.5 ± 14.2 69.4 ± 9.5 78.4 ± 16,3 
 
24  0.0 ± 0.0 13.9 ± 8.2 37.8 ± 12.1 45.4 ± 13.7 56.9 ± 14,6 
  12  NT 2.8 ± 1.3 6.9 ± 2.7 7.1 ± 2.6 14.6 ± 7.7 
  6  NT 0.0 ± 0.0 0.8 ± 1.3 1.5 ± 1.6 7.2 ± 3.8 
a NT = Not tested 
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6.4 Discussion and conclusions 
The host susceptibility screening under controlled conditions demonstrated none of the tested Buxus 
species or cultivars to be 100% resistant against C. buxicola, although there was a lot of variability. 
The percentages of diseased leaves in the outdoor susceptibility screenings (Table 6.6) were 
generally much lower and strikingly different from the percentages of diseased leaves observed 
during the direct inoculation screening under controlled conditions (Table 6.3), demonstrating host-
dependent sporulation and/or host-climate interaction do play crucial roles in disease development 
under practical conditions. In general, B. sempervirens cultivars proved to be more susceptible than 
species and cultivars of the B. microphylla cluster, with the exception of B. microphylla ‘Morris 
Midget’. B. microphylla ‘Morris Midget’ is characterized by an extremely high sporulating potential of 
C. buxicola, which explains its high susceptibility under (semi-)practical conditions compared to the 
other B. microphylla cluster cultivars tested. The high susceptibility of B. microphylla ‘Morris Midget’ 
has also been observed by Ehsen (2011) and Ganci et al. (2013). Other B. microphylla dwarf 
boxwood, such as B. microphylla ‘Morris Dwarf’ (Ganci et al., 2013) and B. microphylla ‘Compacta’ 
(Ehsen, 2011) have been reported equally susceptible as B. microphylla ‘Morris Midget’. It would be 
interesting to determine if the observed high susceptibility of these cultivars is also due to 
(extremely) high sporulating capacities of C. buxicola on these hosts. In addition to the clear 
differences between the B. sempervirens and the B. microphylla cluster, we also demonstrated a lot 
of variation in susceptibility between the B. sempervirens cultivars themselves.  
Both under controlled and (semi-)practical conditions, C. buxicola generally generated smaller lesions 
on B. balearica and cultivars of the B. microphylla cluster, than on B. sempervirens cultivars. In 
addition to this clear host effect, we also observed a differential host-climate interaction effect on 
lesion size, as some cultivars (but not all) clearly generated smaller lesions under practical 
(suboptimal) conditions than under controlled (optimal) conditions. Under the (semi-) practical 
conditions, we also observed arrested lesion growth in some cultivars, which might indicate a 
physiological defense mechanism (e.g hypersensitivity response, cell wall fortifications, production of 
toxic secondary metabolites, etc.), actively limiting fungal growth. Such a defense seems absent in B. 
sempervirens cultivars, or too weak to have an effect. The efficacy of a physiological response often 
depends on the speed of pathogen recognition and host response. Under optimal conditions, C. 
buxicola infects and colonizes the host faster than under suboptimal, practical conditions (see MLW 
tests), possibly reducing the efficacy of a defensive physiological response. This might explain the 
differences observed between the screenings under suboptimal and optimal conditions.  
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Noteworthy differences in the susceptibility of young leaves were observed between the different 
experiments. Only in susceptibility experiment 2 (practical conditions) we observed young leaves that 
were less susceptible than the mature leaves.  For some cultivars, no diseased young leaves were 
observed at all, although similar leaves were readily infected under controlled and semi-practical 
conditions. The young leaves of these cultivars were all characterized by a higher level of 
hydrophobicity (as seen by the formation of spherical droplets on the leaf surface during the 
experiment) than the mature leaves (no droplets, more uniform wet leaf surfaces). A high leaf 
hydrophobicity, both on young and mature leaves, can possibly lead to shorter leaf wetness 
durations and/or smaller wet leaf surfaces, preventing infection to occur, even when the leaves are 
inherently susceptible. The positive effect of hydrophobicity might be less apparent under the 
controlled or semi-practical conditions, as it might be neutralized because of the high relative 
humidity or intense irrigation.  
We observed some degree of variation in both twig lesion incidence and defoliation response of 
diseased leaves, but these characteristics seem not to be correlated to genetic background. In 
Chapter 5, we concluded that the presence of stem lesions can lead to reemergence of box blight 
disease. These stem lesions were also hypothesized to be a possible source of introduction, as their 
presence is often hard to determine. Consequently, cultivars with high twig susceptibility are possibly 
more prone to yearly reemergence of the disease, even after a single original introduction. They 
might also represent a larger threat for introduction of the disease. Leaf drop susceptibility on the 
other hand seems to be a so-called ‘double-edged sword’. Cultivars with an open growth habit and 
high leaf drop susceptibility (e.g. B. microphylla ‘Koreana’, ‘Henry Hohman’ and ‘John Baldwin’), a 
high drop rate led to fast disappearance of diseased leaves and consequently, a fast decrease in local 
availability of leaves carrying conidia in the canopy, which might contribute to their apparent low 
susceptibility. In susceptible, compact cultivars, however (e.g. B. microphylla ‘Morris Midget’, B. 
sempervirens ‘Suffruticosa’, ‘Memorial’, ‘Blauer Heinz’), leaves that dropped were visually retained in 
the dense canopy, where the humid microclimate gave rise to abundant local sporulation, leading to 
increased disease pressure. Diseased defoliated leaves might also be a possible source of long-
distance spread and contribute to pathogen survival, as already discussed in Chapter 5.  
Henricot et al. (2008) determined the sporulating potential of C. buxicola on ex vivo plant material of 
a selection of Buxus cultivars. Conidia concentrations of 8 to 18 x 105 cm-2 were observed, which is 
much higher than in our sporulation assay (0 to 0.8 x 105 cm-2, with the exception of B. microphylla 
‘Morris Midget’ at 6.3 x 105 cm-2). According to Henricot et al. (2008), C. buxicola produced less 
conidia on B. balearica  and the most on B. sempervirens and B. sempervirens ‘Suffruticosa’. Although 
the low sporulating potential of C. buxicola on B. balearica, and an inherently high sporulating 
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potential on B. sempervirens cultivars seems congruent to our results, we observed important 
discrepancies in the data of other Buxus cultivars (e.g. B. microphylla ‘National’) and a larger relative 
variation. The differences in absolute sporulation might be due to possible differences in plant 
response on detached leaves or twigs (ex vivo) compared to sporulation on leaves sampled from 
inoculated plants (in vivo).  
The determined in vivo sporulating potential per cm² diseased leaf area merely describes one aspect 
of host-specific sporulation under practical conditions. Lesion size should also be considered as an 
important aspect of sporulation, a characteristic that greatly differs between hosts. B. balearica, and 
most cultivars of the B. microphylla cluster demonstrated relatively small lesions, possibly 
contributing to low sporulation in the field and consequently, low pathogen spread. The outdoor 
susceptibility screenings were all conducted with an external inoculum reservoir (B. sempervirens 
‘Suffruticosa’ plants), which likely led to an overestimation of the field susceptibility of hosts on 
which C. buxicola poorly sporulates. These hosts will not normally get confronted with high 
concentrations of inoculum, except if they are located close to a diseased host on which C. buxicola 
strongly sporulates, as was the case in these screenings. For example, certain cultivars with small 
lesions and/or low sporulating capacities of C. buxicola, such as B. microphylla ‘Rococo’, B. bodinieri, 
B. microphylla ‘Koreana’ and especially B. balearica scored more susceptible than B. sempervirens in 
our practical tests, based on their overall susceptibility ranking (see Table 6.6). However, no 
noteworthy problems have been reported with these specific boxwood species/cultivars under 
practical conditons, in contrast to B. sempervirens.  
Although these susceptibility experiments were primarily conducted to screen the relative 
susceptibility of diverse Buxus cultivars, they also yielded valuable information regarding the 
interaction with weather conditions. The meteorological-epidemiological data collected during these 
experiments can form a basis for the development of a warning system, incorporating current and 
forecasted weather conditions.  
The MLW experiments were specifically conducted to substantiate these weather-related 
observations made during the host susceptibility screenings. These experiments clearly 
demonstrated increasing infection severity with increasingly longer leaf wetness periods and higher 
temperatures (with a minimal temperature of 14°C for mature leaves). This explains why rain events 
(mechanical dispersal of conidia, see Chapter 5), average day temperatures of 15°C and higher, and 
long wet periods were all needed for strong disease development. The differential weather 
dependency can - partially – be explained by the cultivar-dependent MLW periods needed for 
infection. Under certain marginal conditions for infection (lower temperatures or shorter leaf 
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wetness durations) (Tables 6.7 and 6.8), we demonstrated a low but actual risk of new infections in 
B. sempervirens ‘Suffruticosa’, while this was not the case for B. sempervirens. B. microphylla 
‘Faulkner’, however, demonstrated MLW periods for infection comparable to B. sempervirens 
‘Suffruticosa’, while no new lesions were observed in similar marginal conditions. It is possible that 
new infections did take place on B. microphylla ‘Faulkner’, but that lesion development was stopped 
before becoming visually detectable by the active physiological defense system hypothesized above. 
It can also be that other characteristics, such as a higher hydrophobicity or a drier microclimate due 
to a less compact plant morphology, further reduced leaf wetness durations on B. microphylla 
‘Faulkner’ compared to B. sempervirens ‘Suffruticosa’, to a point where infection could not longer 
occur.  
The susceptibility screenings and our additional experiments regarding sporulating potential and 
minimum leaf wetness period showed that host susceptibility under practical conditions is complex, 
highly variable and difficult to predict. In general, the cultivars of the B. microphylla genetic cluster 
were less susceptible than the B. sempervirens cultivars, possibly because of an active physiological 
response leading to smaller lesions and consequently, limited sporulation. B. microphylla ‘Morris 
Midget’ (and possibly also other B. microphylla dwarf cultivars), however, was extremely susceptible, 
likely due to an extreme high sporulating potential of C. buxicola per unit of diseased leaf surface. We 
also observed clear differences among B. sempervirens cultivars, that could not solely be explained 
by plant morphology. Substantial differences in MLW for infection could be an explanation, although 
so far this has only been confirmed for B. sempervirens and B. sempervirens ‘Suffruticosa’. More 
Buxus cultivars (both with low and high susceptibility) should be tested before such conclusions can 
be made.  
Smaller lesions (and consequently decreased sporulation) because of a post-infection physiological 
defense mechanism and substantial differences in MLW because of morphological or physiological 
differing characteristics (pre-infection) are possibly the two most important characteristics 
influencing host susceptibility. Consequently, selection based on both lesion size and % diseased 
leaves following inoculation and incubation under realistic conditions (allowing differentiation due to 
differences in MLW) might yield the best results for the purpose of boxwood breeding, as these can 
be easily scored on young plants. In addition, differences in plant morphology (cultivar specific or 
human-mediated), leaf hydrophobicity (between young and mature leaves and also at different times 
during the growing season), host-specific sporulation, defoliation susceptibility and twig lesion 
susceptibility may all cause small to substantial effects on the host susceptibility in practical settings. 
In some cases (such as for leaf drop) the effect of a trait on susceptibility can be either negative or 
positive, depending on the nature of another trait (such as plant morphology). 
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7.1 Introduction 
Plants have developed a wide variety of constitutive and inducible defenses, in order to protect them 
from pathogens. Constitutive defenses include preformed barriers such as the cell wall and waxy 
epidermal cuticles (Freeman & Beattie, 2008). Thick waxy cuticles and epidermal layers are often 
associated with host resistance, as they can retard penetration and give time for the plant to deploy 
defense mechanisms, independently of whether a pathogen penetrates by mechanical force or with 
the aid of cell wall degrading enzymes (Angelini et al., 1990; Commenil et al., 1997; Freeman & 
Beattie, 2008). Both stomatal density and stomata morphology have been reported to influence 
infection rates of fungal pathogens (Chattopadhyay et al., 2011a; Niks & Rubiales, 2002). Plants also 
constitutively synthesize antimicrobial compounds, called phytoanticipins, that can inhibit spore 
germination, mycelium or germ tube growth, or infection structure formation (Horsfall & Cowling, 
1980; Lee et al., 2013; Ribera & Zuniga, 2012). 
Plant cells also have the ability to detect damage-associated molecular patterns (DAMPs), invariant 
pathogen-associated molecular patterns (PAMPs) or pathogen-specific effector proteins and respond 
with inducible defenses (PAMP triggered immunity and effector-triggered immunity, respectively). 
These include the production of inducible antimicrobial compounds, called phytoalexins, 
pathogenesis-related proteins, the physical reinforcement of cell walls via the production of lignin, 
and the expression of a series of defense-related genes, including those involved in programmed cell 
death (De Vleesschauwer, 2008; Freeman & Beattie, 2008; Horsfall & Cowling, 1980; Jones & Dangl, 
2006). These toxic chemicals and defense-related proteins are inducible because of the high energy 
cost and nutrient requirements associated with their production (Freeman & Beattie, 2008). 
Triggering of a local response can also mount systemic immunity, which is generally durable and 
broad-spectrum. Effective induced resistance involves amplification of the primary signal through 
generation of secondary messengers such as reactive oxygen, nitrogen species and a range of 
phytohormones (e.g. salicylic acid, jasmonic acid or ethylene)(De Vleesschauwer, 2008; Freeman & 
Beattie, 2008; Koornneef & Pieterse, 2008). 
Phenolic compounds are an important class of secondary metabolites produced by plants in their 
defence against pathogens. They include a wide variety of compounds with antifungal characteristics, 
such as (iso)flavonoids (Galeotti et al., 2014) and phenylpropanoids (Graham & Graham, 1991). These 
molecules, produced in response to pathogen attack, disrupt pathogen metabolism or cellular 
structure (Favaron et al., 2009; Freeman & Beattie, 2008; Hovelstad et al., 2006). Lignin consists of 
hundreds to thousands of phenolic monomers, and is an excellent physical barrier against pathogen 
attack as it is insoluble, rigid and virtually indigestible (Matern et al., 1995). Histochemical staining 
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has demonstrated that these phenolic compounds are predominantly responsible for 
autofluorescence (Bennett et al., 1996). Consequently, the deposit of phenolic compounds in plant 
tissue can be visualized under UV light through the use of epifluorescence microscopy, giving 
valuable information about induced plant responses following challenge-inoculation with a 
pathogen.  
In Chapter 6, we demonstrated remarkable differences in host susceptibility (e.g. differences in MLW 
and lesion size) between Buxus species and cultivars, indicative of host-specific constitutive and 
inducible defenses. In this Chapter, histological experiments were conducted to elucidate the 
underlying plant-pathogen interactions leading to the Buxus host resistance/susceptibility against C. 
buxicola observed in Chapter 6. First, we determined host-specific anatomical variation (stomatal and 
leaf cross section analysis) in a selection of representative Buxus cultivars. Second, boxwood leaves 
were inoculated with C. buxicola conidia and examined after different periods of incubation to 
determine the host-specific retention and germination of conidia, to compare germ tube/hyphal 
growth, and to elucidate the infection process. Third, cytological studies were conducted at sites of 
pathogen entry, using differential interference contrast (DIC) and epifluorescence microscopy, to 
investigate the deposit of phenolic compounds following challenge-inoculation. Possible links 
between micro-morphologic characteristics or induced defense reactions, and resistance to C. 
buxicola in Buxus could assist in the selection of less susceptible cultivars. 
7.2 Material and methods 
7.2.1 Plant material and pathogen inoculum 
Two-year-old plants were obtained from a commercial boxwood producer (Herplant BVBA). The 
inoculation experiments were conducted at least 6 months after the last fungicide application. 
Conidial suspensions (2 x 104 to 105 conidia ml-1) of isolate CB002 were generated as described in 
Chapter 2. 
7.2.2 Host anatomical variation 
Stomatal analysis was conducted on a selection of eight boxwood cultivars (Table 7.1). For each of 
these cultivars, ten mature leaves were arbitrarily sampled (from two plants, five leaves per plant). 
From each leaf, a 4-mm leaf disk was cut out with a cork borer, and cleared in ethanol:acetic acid 
(1:1, v/v) for 15 h at room temperature. After a brief rinse in water, the leaf disks were mounted with 
the abaxial side up in 50% glycerol, and examined using an Axio Imager.Z2 microscope (Carl Zeiss AG, 
Oberkochen, Germany) and the AxioVision Imaging Software. The stomatal dimensions (length and 
width) were measured in five stomata per leaf disk. The areas of the stomata were calculated 
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assuming an elliptical shape. Stomatal density was measured by counting the number of stomata on 
three arbitrarily chosen microscopic fields (2.43 mm² surface each) per leaf disk. Data were 
statistically analysed using ANOVA and Tukey’s Post Hoc test in STATISTICA 11. Linear regression 
analysis was used to determine if there whether there is linear relationship between host-specific 
stomatal density and the sporulating potential of C. buxicola (Figure 6.2) or % diseased leaves (host 
susceptibility exp. 2, Table 6.4: 8 dpi). 
Leaf cross sections were generated and analysed for seven cultivars (Table 7.2). For each of these 
cultivars, six mature leaves were arbitrarily sampled (from two plants, three leaves per plant). 
Segments of about 1 cm long and 2-3 mm width were cut from the lamina and dehydrated in a 
progressively more concentrated ethanol solution (60-80-95-100%, at least 4 hours per dehydration 
step), hydrophobically cleared using xylene, and embedded in 2-hydroxyethyl methacrylate-based 
resin (Technovit 8100; Heraus Holding, Hanau, Germany), following the manufacturer’s 
(pre)infiltration and embedding protocols. Cross-sections of 10 µm were made using a rotary 
microtome (Microm HM360, Carl Zeiss AG, Oberkochen, Germany), and straightened out with sterile 
water on glass slides. Per leaf segment, three usable cross-sections, cut 2-3 mm apart, were selected 
for microscopic measurements. The thickness of the different leaf layers (upper and lower epidermis, 
palisade and spongy mesophyll) were microscopically measured at the highest possible magnification 
using a Leica DMLB light microscope and the Leica Application Suite 4.0.0. image capture and 
measuring software (Leica Biosystems Ltd.), and averaged over each leaf segment. The mean 
thickness of each leaf layer was statistically analysed using ANOVA and Tukey’s Post Hoc test in 
STATISTICA 11. 
7.2.3 Infection process: conidial retention, germination, germ tube growth, 
leaf penetration 
In a first experiment (infection process exp. 1), mature B. sempervirens ‘Suffruticosa’ leaves were 
arbitrarily sampled from two plants, dipped for 1 min in a 105 conidia ml-1 suspension and incubated 
at 20°C at nearly 100% humidity for 3, 6, 12, 24 or 48 h (ten leaves per plant and time point). 
Following incubation, 4-mm leaf disks were cut and cleared as described above. Conidia and germ 
tubes were stained for 5 min with an solution of 85% acetid acid and 0.1% aniline blue. After a brief 
rinse in water, the leaf disks were mounted in 50% glycerol on glass slides. From each plant, five 
leaves were examined abaxial side up and five leaves were examined adaxial side up using an Axio 
ImagerZ2 microscope (Carl Zeiss AG) at low magnification. The number of germinated and non-
germinated conidia were counted in three definded microscopic fields (2.43 mm² surface area each) 
per leaf disk. Due to the non-linear growth, germ tubes could not be measured reliably using the 
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Axiavision Imaging Software. Therefore, the general germ tube development was estimated visually. 
The leaf disks were systematically screened for visual indications of leaf penetration in the vicinity of 
germinating conidia. The absolute numbers of observed conidia and the Arcsine-transformed 
germination percentages were analyzed statistically using ANOVA and Tukey’s HSD Post Hoc test in 
STATISTICA 11. Based on the results of this first experiment, a second experiment was conducted 
(infection process exp. 2) using eight cultivars (Table 7.3) and an incubation period of 5 h only. Leaves 
were inoculated and examined as described for infection process exp. 1. 
7.2.4 Deposition of phenolic compounds  
Deposit of phenolic compounds following challenge-inoculation with a conidial suspension was 
studied in the boxwood species and cultivars B. balearica, B. microphylla ‘Trompenburg’ and B. 
sempervirens ‘Suffruticosa’. These cultivars were selected based on the differences in their genetic 
background (Van Laere et al., 2011) and differences in their host susceptibility under practical 
conditions (Chapter 6). In the host susceptibility screening conducted under controlled conditions 
(Table 6.3), B. sempervirens ‘Suffruticosa’ demonstrated larger lesion sizes (5.2 mm) than both B. 
microphylla ‘Trompenburg’ and B. balearica (about 3.4 mm). Under practical conditions, the lesion 
sizes on mature leaves of B. sempervirens ‘Suffruticosa’, B. balearica and B. microphylla 
‘Trompenburg’ were scored ‘Very large ’ (> 5 mm), ‘Small’(about 1-3 mm) and ‘Very small’ (< 1 mm), 
respectively. The differences in lesion size are therefore more pronounced under practical 
(suboptimal) conditions than under controlled (optimal) conditions. Arrested lesion growth under 
practical conditions was observed for B. balearica and B. microphylla ‘Trompenburg’ only.  
 Leaves were dipped for 1 min in a 2 x 104 conidial suspension or in sterile water (negative controls), 
and incubated for 6, 12 or 24 hours (epifluorescence experiment 1) or for 1, 2 or 3 days 
(epifluorescence experiment 2) at 20°C and nearly 100% humidity. Following incubation, leaf disks 
were cut as described above and the abaxial and adaxial leaf sides were separated using a scalpel 
blade, avoiding direct contact with the abaxial leaf side. The abaxial sides of the leaves were first 
cleared at room temperature for 1 h in an ethanol/acetic acid solution (1:1, v/v) and then for 7 to 10 
days in a saturated chloral hydrate solution, until they were completely transparent. Subsequently, 
the leaf disks were submerged for 5 min in a 0.2% Trypan blue - lactophenol (lactic 
acid:phenol:dH2O=1:1:1, v/v/v) solution, to stain fungal structures and necrotic or apoptotic cells. 
After a brief rinse in water, the leaf disks were mounted in 50% glycerol and examined using DIC and 
epifluorescence microscopy. Per combination of cultivar and incubation period, 50 stomata (five per 
leaf disk) penetrated by a C. buxicola hypha were selected using DIC microscopy, and visualized the 
phenolic compounds as autofluorescence under UV light excitation (Olympus U-MWU2 GpF filter set-
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excitation: 330 to 385 nm, dichroic beamsplitter DM400, barrier filter BA420) on an Olympus BX51 
fluorescence microscope (Olympus, Aartselaar, Belgium). Digital images were acquired using the 
Olympus Color View Soft Imaging System and processed with the Olympus analysis cell^F software.  
7.3  Results 
7.3.1 Host anatomical variation 
The results of the stomatal analysis are summarized in Table 7.1. No statistical differences in 
stomatal densities or stomatal sizes were observed between the leaves originating from the two 
replicate plants. Consequently, data were combined (n=10) for statistical comparison between 
cultivars, which yielded significant differences for both stomatal characteristics. Stomatal densities 
ranged from 74 (B. sempervirens ‘Angustifolia’) to 132 (B. sempervirens ‘Suffruticosa) stomata mm-2 
abaxial leaf surface. Stomatal sizes ranged from 548 µm² (B. sempervirens ‘Suffruticosa’) to 1464 µm² 
(B. harlandii).  
 Table 7.1 Ploidy levels, stomatal density and stomatal size (mean ± stdev, n = 10) of eight Buxus species or cultivars. Within 
each characteristic, different letters indicate statistically significant differences (P < 0.05). B. semp. = B. sempervirens, B. 
micr. = B. microphylla. 
 
No linear relationship was found between stomatal density and % diseased leaves under practical 
conditions (host susceptibility exp. 2, 8 dpi) (P-value = 0.71) (data not shown). The sporulating 
potential of C. buxicola on B. microphylla ‘Morris Midget’ was considered an outlier, and removed 
from the data set. A positive linear relationship was found between stomatal density and host-
specific sporulating potential of C. buxicola (P-value = 0.018, R² = 0.788) for the other Buxus species 
(Figure 7.1) (no data available on sporulating potential of C. buxicola on B. sempervirens 
‘Angustifolia’).  
Species or cultivar  
Ploidy 
level (2n) 
Mean stomatal density 
 (# stomata mm-2 leaf 
surface)  
Mean stomatal size (µm²) 
B. semp. 'Suffruticosa' 2x = 28 131.5 ± 13.3 a 548.1 ± 84.4 d 
B. sempervirens 2x = 28 123.4 ± 13.2 a 883.2 ± 103.1 c 
B. harlandii 4x = 56 105.3 ± 10.9 b 1464.2 ± 246.1 a 
B. micr. 'Morris Midget' 3x = 42 104.4 ± 12.9 b 894.2 ± 59.0 c 
B. semp. 'Latifolia maculata' 2x = 28 102.1 ± 13.0 b 858.2 ± 89.7 c 
B. micr. 'Trompenburg' 4x = 56 90.9 ± 7.0 bc 1272.8 ± 82.4 b 
B. micr. 'Faulkner' 3x = 42 90.9 ± 17.6 bc 1182.1 ± 159.7 b 
B. semp. 'Angustifolia' 2x = 28 74.3 ± 9.4 c 774.5 ± 106.5 c 
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Figure 7.1 showing the positive linear relationship between stomatal density of the host and sporulating capacity of 
Cylindrocladium buxicola on the host. Each data point represents a different  Buxus species/cultivar, the line represents the 
linear regression curve: sporulating potential = 0.11 x Mean stomatal density – 7.35, R² = 0.7876. 
As expected, we were not able to observe the outer waxy cuticle layer in the cross sections, likely 
due to dissolution during the dehydration step. The other leaf layers (upper and lower epidermis, 
palisade and spongy mesophyll), on the other hand, were clearly distinguishable. The thickness of the 
different leaf layers as determined during the leaf cross section analyses are summarized in 
Table 7.2. No statistically significant differences in leaf layer thickness were observed between the 
leaves originating from the two plants and consequently, data were combined. Statistically significant 
differences in leaf layer thickness were found between the cultivars for all leaf layers.  
Table 7.2 Thickness of the leaf layers of eight Buxus species or cultivars. Within each leaf layer, different letters between 
cultivars indicate statistically significant differences (P < 0.05). Species/cultivars are ranked from thickest to thinnest 
epidermal layers (UE and LE). 
  Leaf layer
a
 thickness (µm) (± stdev, n = 10)   
Species or cultivar UE PM SM LE Total 
B. micr. 'Trompenburg' 31.4 ± 2.6 a 240.5 ± 51.6 b 229.7 ± 24.5 ab 25.9 ± 1.5 a 606.2 ± 53.0 b 
B. micr. 'Belvédère' 27.5 ± 1.8 b 317.1 ± 36.0 a 176.3 ± 20.0 bc 23.5 ± 2.4 ab 602.2 ± 54.4 b 
B. balearica 24.9 ± 2.1 b 338.9 ± 21.0 a 251.2 ± 38.2 a 22.1 ± 2.1 b 698.3 ± 22.3 a 
B. micr. 'Morris Midget' 19.0 ± 0.9 c 207.6 ± 8.5 bc 151.8 ± 21.9 c 17.6 ± 1.2 c 427.2 ± 20.3 c 
B. semp. 'Latifolia M.' 17.4 ± 1.6 cd 162.9 ± 22.4 c 171.8 ± 42.3 c 15.7 ± 1.6 cd 434.0 ± 65.9 c 
B. sempervirens 14.4 ± 1.7 d 162.5 ± 23.2 c 142.3 ± 11.3 c 13.7 ± 2.0 d 369.1 ± 33.0 c 
B. semp. 'Suffruticosa' 13.9 ± 0.5 d 148.4 ± 8.8 c 155.2 ± 14.2 c 12.3 ± 1.0 d 353.2 ± 18.4 c 
 
a
 UE = upper epidermis, PM = palisade mesophyll, SM = spongy mesophyll, LE = lower epidermis 
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7.3.1 Infection process: conidial retention, germination, germ tube growth, 
leaf penetration 
On the B. sempervirens ‘Suffruticosa’ leaves of infection process exp. 1, germinating conidia were 
observed on both leaf surfaces three hours post inoculation (hpi). Germinating conidia were rare 
(< 1/10th of the conidia present) at this time point, and germ tubes still small (< 5 µm). Almost all 
conidia were germinated six hpi, with one or occasionally two germ tubes per conidium (one per 
cell). At six hpi, germ tubes were about the length or twice the length of the conidia, and frequently 
demonstrated side-branching. No obvious directional growth of the germ tubes towards stomata was 
observed. Penetration of stomata without appressorium formation was observed on the abaxial leaf 
surfaces 12 hpi, the penetrating hyphae often originating from conidia in the near proximity of the 
penetrated stoma (< 100 µm). Actual penetration of a stoma could easily be verified due to the 
presence of a bright circular hyphal cross-section between the stomatal guard cells (Figure 7.2 B). In 
some cases (12-48 hpi), two or even three penetrating hyphae per stoma could be distinguished. 
Resurgence of the hyphae from the stomata on the abaxial leaf surface, and browning of cells 
surrounding entry points were observed 48 hpi (Figure 7.2 C), although this browning was not (yet) 
visible on the non-cleared leaves at that time point. These starting lesions were strictly associated 
with stomata penetrated by C. buxicola hyphae on the abaxial leaf surface (Figure 7.2 D), indicating 
that direct penetration of the cuticule and epidermis (both on abaxial and adaxial leaf surfaces) does 
not occur.  
Based on the results of experiment 1, we selected a duration of 5 hours as a suitable incubation 
period to determine the host-specific retention and germination of C. buxicola conidia in infection 
process exp. 2 (Figure 7.2 A). The results of this experiment are summarized in Table 7.3. No 
statistically significant effect of leaf surface (abaxial versus adaxial) and no significant cultivar by leaf 
surface interaction were observed. Therefore, the hypothesis that both leaf surfaces have equal 
effects on the retention and germination of conidia was accepted and data for the two leaf surfaces 
were combined (n = 20). Significant differences between the cultivars were observed for both 
conidial retention and germination.  
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Table 7.3 Mean retention and germination (mean ± stdev, n=20) of Cylindrocladium buxicola conidia, determined on 20 leaf 
disks (10 abaxial versus 10 adaxial leaf sides) of eight Buxus species and cultivars (5 hours post inoculation, infection process 
experiment 2). Within each characteristic, cultivars labeled with different letters are significantly different (P < 0.05).  
Species or cultivar 
retention 
(# conidia cm-2 leaf surface) 
germination 
(%) 
B. microphylla 'Faulkner' 433.3 ± 135.2 a 96.7 ± 1.4 a 
B. sempervirens 'Angustifolia' 432.1 ± 267.9 a 97.0 ± 1.4 a 
B. sempervirens 'Suffruticosa' 398.7 ± 145.9 a 92.4 ± 6.9 b 
B. sempervirens 292.1 ± 91.0 ab 97.0 ± 1.4 a 
B. microphylla 'Morris Midget' 289.7 ± 159.9 ab 95.8 ± 3.9 ab 
B. sempervirens 'Latifolia maculata' 259.9 ± 91.5 ab 95.2 ± 2.4 ab 
B. harlandii 241.5 ± 87.5 ab 93.3 ± 3.8 ab 
B. microphylla 'Trompenburg' 153.6 ± 96.3 b 96.8 ± 2.5 a 
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Figure 7.2Microscopic observations on cleared Buxus leaves. Fungal structures were stained with aniline blue. A) Germinating C. buxicola 
conidia (B. microphylla ‘Faulkner’, lower surface, 5 hpi); B) C. buxicola hypha penetrating a stoma (P) of B. sempervirens ‘Suffruticosa’ 
(lower surface, 12 hpi); C) Germinated C. buxicola conidia, with hyphae  penetrating  stomata (P) or resurging (R) from stomata (B. 
sempervirens ‘Suffruticosa’, 48 hpi); D) Starting lesion development exclusively associated with penetrated stomata on the lower surface 
of the leaf disk (B. sempervirens ‘Suffruticosa’, 48 hpi). Bar = 100 µm (A-C) or 1 mm (D).   
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7.3.2 Deposition of phenolic compounds 
The infection process experiments (see above) already indicated that C. buxicola hyphae can only 
infect boxwood leaves through the stomata, and do not directly penetrate the epidermal layer. These 
light microscopic observations were confirmed during the epifluorescence experiments: 
autofluorescence reactions and visible lesion development were uniquely observed associated with 
penetrated stomata. The ratios of penetrated stomata / retented number of conidia, visually 
estimated during the screening for penetrated stomata, was comparable for B. balearica, B. 
sempervirens ‘Suffruticosa’ and B. microphylla ‘Trompenburg’ (about 1/5 following an incubation 
period of 12 h). Fluorescent reactions were often more apparent in the spongy mesophyll cells, 
rather than in the epidermal cells. We could clearly differentiate between two types of 
autofluorescence reactions in the mesophyll cells: cells with fluorescent cell walls (Type 1) and cells 
with whole-cell fluorescence (Type 2). The deposition of autofluorescent phenolic compounds at the 
penetrated stomata was scored using a I to VI autofluorescence scale (Table 7.4). Epifluorescence 
images of reactions II-VI are presented in Figure 7.3. In reactions III to VI of this scale, we included 
the type of reaction in both the local and distant mesophyll cells (distances ≤ 3 and > 3 mesophyll 
cells to the penetrated stoma in the horizontal plane, respectively). The observed whole-cell 
fluorescence of Type 2 mesophyll cells is likely indicative of cell death. Penetrated stomata 
associated with fluorescence reactions V and VI under epifluorescence microscopy, were also 
associated with (Trypan) blue-colored mesophyll cells visible under DIC microscopy. In addition, 
these reaction types could also be linked with starting lesion development, observed as browning 
cells on the cleared leaf disks 2-3 dpi. Reaction type VI was visible with the naked eye on the cleared 
leaf disk, even without Trypan blue staining. 
Table 7.4 Scoring scale (I-VI) used for evaluating autofluorescence reactions following challenge-inoculation with C. buxicola 
conidia  
Reaction Autofluorescence observations 
 I No visual autofluorescence reaction 
 II Autofluorescence reaction of the stomata guard cells only 
 III  Local: Type 1 cells  Distant: No reaction 
 IV  Local: Type 1 cells  Distant: Type 1 cells 
 V   Local: Type 1+2 cells  Distant: Type 1 cells 
 VI   Local: Type 1+2 cells   Distant: Type 1+2 cells 
 
In epifluorescence exp. 1, none of the cultivars demonstrated fluorescence responses 6 or 12 hpi. 
The earliest fluorescence reactions were observed 24 hpi, and only for B. sempervirens ‘Suffruticosa’ 
and B. microphylla ‘Trompenburg’. As these incubation periods were too short to be informative, the 
  Plant-pathogen interactions 
173 
 
experiment was repeated with longer incubation periods (1, 2 and 3 days) following challenge-
inoculation. The results of this epifluorescence experiment 2 are shown in Figure 7.4.  
Clear differences in the deposition of phenolic compounds following challenge-inoculation were 
observed between the three cultivars. Autofluorescence reactions were most intensive in the 
mesophyll cells surrounding the penetrated stomata of B. sempervirens ‘Suffruticosa’. Although no 
fluorescence reaction was observed 12 hpi, about 85% of the entry sites scored 24 hpi produced a 
fluorescence reaction (reactions II to V). At 2 and 3 dpi, penetrated B. sempervirens ‘Suffruticosa’ 
stomata often demonstrated autofluorescence reactions V and VI. Penetrated stomata of B. 
microphylla ‘Trompenburg’ and B. balearica mainly demonstrated cell-wall fluorescence and not 
whole-cell fluorescence (Reactions III and IV). Whole-cell fluorescence reactions in these cultivars 
were rare and much less intense (3 dpi: 15-20%, autofluorescence reaction V only), compared to the 
reactions observed in B. sempervirens ‘Suffruticosa’ (3 dpi: 80%, both reactions V and VI). At 2 and 3 
dpi, the nature of the autofluorescence reactions were similar between B. balearica and B. 
microphylla ‘Trompenburg’ but phenolic compounds seem to be deposited later in B. balearica (24-
48 hpi) than in B. microphylla ‘Trompenburg’ (12-24 hpi).  
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Figure 7.3a Representative epifluorescence images (UV excitation) for the autofluorescence reactions II to IV, defined in the  
autofluorescence scoring scale (Table 7.4). A) DIC (left) and epifluorescence (right) image of two penetrated stomata 
manifesting Reaction II autofluorescence ; B) Reaction III autofluorescence, imaged at the level of the epidermis and stomata 
(left) and the mesophyll cell layer (right); C) Reaction IV autofluorescence, imaged at the level of the epidermis and stomata 
(left) and the mesophyll cell layer (right). (A: B. balearica, 1 dpi; B-C: B. microphylla ‘Trompenburg’, 2 dpi). White arrows 
indicate penetrated stomata. Bar = 100 µm 
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Figure 7.3b Representative epifluorescence images (UV excitation) for the autofluorescence reactions V and VI defined in the 
autofluorescene scoring scale (Table 7.4). D) Reaction V autofluorescence, imaged at the level of the epidermis and stomata 
(left) and the mesophyll cell layer (right). Note the difference between Type 1 (fluorescent cell walls)  and Type 2 (whole-cell 
fluorescence) mesophyll cells; E-F) Reaction VI autofluorescence, imaged at the level of the epidermis and stomata (left) and 
the mesophyll cell layer (right). The reaction in photo F was visible with the naked eye on the destained leaf disk as a brown 
lesion. (B. sempervirens ‘Suffruticosa’, D: 1 dpi; E-F: 2 dpi). White arrows indicate penetrated stomata. Bar = 100 µm 
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Figure 7.4 Autofluorescence observations (scale I to VI, see Table 7.4) in leaves from Buxus sempervirens ‘Suffruticosa’ 
(A), B.microphylla ‘Trompenburg’ (B) and B. balearica (C), 1, 2 or 3 days post challenge inoculation with a 
Cylindrocladium buxicola conidial suspension. One column represents the reactions of 50 penetrated stomata (100% 
on Y-axe). Within each time points (1-3 dpi), reaction distributions labeled with different letters are significantly 
different (P < 0.05) (Kruskal-Wallis ANOVA, STATISTICA 11) 
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7.4 Discussion and conclusions 
In this chapter, several microscopy experiments were conducted to help explain possible pre-
infection mechanisms influencing the host-specific susceptibility we observed under practical 
conditions (Chapter 6). Host-specific anatomical variation was determined via measurement of leaf 
layer thickness and analyses of stomatal sizes and densities, while host-pathogen interaction 
characteristics (i.e. retention and germination of conidia, germ tube development and penetration 
efficiency) were examined following artificial inoculation with a conidial suspension.  
A retarded penetration because of host-specific differences in the thickness of epidermal layers could 
have been a possible explanation for the observed differences in MLW e.g. between B. sempervirens 
and B. sempervirens ‘Suffruticosa’. However, no significant differences were observed between the 
thickness of the epidermal layers of these two cultivars (Table 7.2). Moreover, we found no proof for 
direct penetration of the waxy cuticle or epidermal layers during our microscopy observations. 
Although Henricot et al. (2008) did report penetration of the waxy cuticle (5 hpi, B. sempervirens 
‘Suffruticosa’), penetration of the epidermal layer itself was not clearly observed. Based on our 
observations we conclude that C. buxicola needs stomata or structural wounds (e.g. because of 
pruning, see Chapter 5) to infect boxwood leaves and twigs. Consequently, it is not unexpected that 
the thickness of the epidermal layer does not influence the infection process of C. buxicola.  
When trying to elucidate factors affecting host susceptibility, host-specific differences in stomatal 
characteristic might be of more importance. Not only do stomata appear to be the only entry points 
for C. buxicola hyphae into (non-wounded) boxwood leaves or twigs, they also allow for resurgence 
of conidiophore-bearing hyphae. Consequently, a high or low stomatal density might lead to both 
higher or lower infection and sporulation rates, and consequently influence host susceptibility, as has 
been demonstrated for several other fungi using stomata as infection points (Chattopadhyay et al., 
2011b; Grewal et al., 1999; Lima et al., 2010).  
Although stomatal density might influence host susceptibility, other mechanisms seem of more 
importance. Stomatal sizes clearly increased with ploidy level (2n) of the tested cultivar (B. 
sempervirens cultivars: 2n = 2x; B. microphylla ‘Morris Midget’ and B. microphylla ‘Faulkner’: 2n = 3x; 
B. harlandii and B. microphylla ‘Trompenburg’: 2n = 4x (Van Laere et al., 2011)). This is in accordance 
with (Jovtchev et al., 2006; Kondorosi et al., 2000), who showed that polyploid plants have larger 
cells than diploid plants. However, no obvious host-specific differences in penetration efficacy due to 
different stomatal sizes were observed between cultivars. Attempts of hyphae to penetrate stomata 
seemed equally effective in the very susceptible B. sempervirens ‘Suffruticosa’ (stomatal size = 550 
µm²) compared to the very resistant B. microphylla ‘Trompenburg’ (stomatal size = 1270 µm²).  
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Although some significant host-specific differences were found for the retention and germination of 
conidia (Table 7.3), also these characteristics could not be correlated with the observed host 
susceptibility under practical conditions. Cultivars with low field susceptibility demonstrated both 
relatively low (e.g. B. microphylla ‘Trompenburg’) and high (e.g. B. microphylla ‘Faulkner’) retention 
of conidia.The observed differences in conidial germination between cultivars are minor, and hence 
unlikely to influence host susceptibility under practical conditions. Furthermore, no host-specific 
delay in conidia germination was observed, and for the time points studied, germ tube and hyphal 
lengths were in the same range for all cultivars. Therefore, no obvious mechanism was found to 
explain the difference in MLW observed in Chapter 6 (e.g. between B. sempervirens and B. 
sempervirens ‘Suffruticosa’). This could be due to differences in plant response on non-detached 
leaves of inoculated plants (in vivo) as tested in Chaper 6, versus the detached leaves (ex vivo) tested 
here. 
Whole cell-fluorescence under UV or blue light excitation is considered an objective indicator of cell 
death in multiple plant-pathogen systems (Koga et al., 1988; Zeyen et al., 1995). In the interaction 
between C. buxicola and Buxus, our results also show that whole-cell fluorescence is correlated with 
cell death and starting lesion development. It is unclear whether this host cell death is directly 
caused by the pathogen itself (e.g., through the production of cell-wall degrading enzymes or toxins) 
or has been induced by the host (i.e. hypersensitive response (HR), leading to localised cell death). An 
expanding body of evidence indicates that the formation of reactive oxidative species (ROS), 
generally viewed as initiation agents for HR, can cascade either to the detriment or benefit of the 
plant, depending mainly on the type of host tissue and the lifestyle of the invading pathogen 
(Bostock, 2005; Glazebrook, 2005). In current literature, there is no mentioning of the lifestyle of C. 
buxicola. Three life styles are frequently observed in plant pathogenic fungi: necrothrophic (Bischoff 
et al., 1995; Chen et al., 2012; Kulye et al., 2012; Unger et al., 2005), biotrophic  (Bischoff et al., 1995; 
Collemare et al., 2014; De Backer, 2012; Gadoury et al., 2012) or hemibiotrophic (Goodwin et al., 
2011; Moura et al., 2014). C. buxicola does not develop feeding structures typical for biotrophic fungi 
(e.g. haustoria). In addition, no proof was found for an initial biotrophic phase, where it feeds on 
living host cells and the host is symptomless, before entering a necrotrophic phase, as is typical for 
hemibiotrophic fungi.  Moreover, C. buxicola causes extensive and rapid degradation of host cells. 
For these reasons,  we  believe C. buxicola  has a necrotrophic lifestyle. While it is easy to imagine 
that an HR results in resistance against (hemi)biotrophic pathogens, by restricting the pathogen 
access to nutrients and water, the role of HR against necrotrophs is questionable, as such pathogens 
kill host tissue and thrive on the remains of dead or dying cells (De Vleesschauwer, 2008). Several 
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necrotrophic fungal pathogens are known to trigger HR in plants deliberately, through production of 
HR inducing effector proteins (Chen et al., 2012; Kulye et al., 2012).  
The observed increases in cell wall autofluorescence indicate enrichment of the host cell walls with 
phenolic compounds, which might contribute to the increase of permeability barriers, preventing 
spread and enzymatic cell wall degradation (De Vleesschauwer, 2008). Two phenolic compounds are 
often associated with plant cell wall fortification: (1) lignin, a polymer of monolignol units, linked by 
oxidative coupling; and (2) low molecular weight hydroxycinnamic acids, that are bound to various 
cell wall components and are involved in cross-linkage events (Gorshkova et al., 2000; Wallace & Fry, 
1994). Although the nature of the induced biochemical changes in the cell wall cannot be determined 
based on our experiments, it does seem that the cell wall autofluorescence observed in the first days 
following infection as such should be regarded as beneficial to the host: no  large, fast-growing 
lesions were observed for neither B. microphylla ‘Trompenburg’ nor B. balearica during this level of 
response. Several components of fungal cell walls have been demonstrated to be elicitors for cell 
wall fortification through cell wall-bound phenols (both lignin and hydroxinnamic acids), leading to 
reduced host susceptibility in several plant-pathogen interactions e.g. Phytophthora infestans on 
Solanum tuberosum (potato) (Keller et al., 1996), Verticillium dahlia on Gossypium hirsutum (cotton) 
(Smit & Dubery, 1997) , Alternaria brassicicola on Arabidopsis thaliana (Muroi et al., 2009), and 
Puccinia graminis f. sp. tritici on Triticum aestivum (wheat) (Moerschbacher et al., 1986).  
During the different microscopy experiments in this chapter, no important pre-infection mechanisms 
were identified that could significantly reduce infection by C. buxicola. Based on the microscopic 
observations, we believe the number of infections to be relatively similar for most boxwood species 
and cultivars, independent of their level of host susceptibility under practical conditions. Some 
characteristics (e.g. stomatal density) might play a minor role in host field susceptibility, but none 
appears to have a decisive effect on the final host susceptibility. We did observe important 
differences between cultivars in the deposition patterns of phenolic compounds, following 
penetration of the stomata, indicative of effective differences in the nature, timing or level of 
inducible defense responses (post-infection). In this respect, early defense reactions demonstrating 
Type I mesophyll cells only (Reactions III and IV), as observed in B. microphylla ‘Trompenburg’, might 
be a criterion in the screening for resistance in cultivars. 
  
 
 
 
 
  
 
 
 
Chapter 8: 
Segregation of resistance in Buxus to 
Cylindrocladium buxicola 
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8.1 Introduction 
The host susceptibility screenings in Chapter 6 demonstrated that B. sempervirens and its cultivars 
are more susceptible than most of the species belonging to the ‘B. microphylla genetic cluster’ (B. 
microphylla, B. sinica, B. harlandii, B. bodinieri and respective cultivars) (Van Laere et al., 2011) and B. 
balearica. The use of these less-susceptible species would vastly reduce the problems with C. 
buxicola in Buxus, possibly to a degree in which the application of fungicide treatments against this 
pathogen is no longer essential.  
At the moment, however, these less-susceptible species are hardly supplied by the European 
boxwood producing sector, seemingly because of a lack of commercial demand. A lot of customers 
are unaware of the existence of these alternative cultivars, and specifically request B. sempervirens, 
which they are used to. However, an increasing number of Belgian nurserymen are now promoting 
these alternative species and cultivars, with varying degrees of success. Some of these initiatives are 
successful, for example in the case of B. microphylla ‘Rococo’ (syn. ‘Herrenhausen’), which has 
become popular as a ground-covering plant. Unfortunately most other species remain unpopular 
because of some undesired traits. Non–B. sempervirens cultivars are often characterized by a more 
vigorous and open growth habit, making them less appropriate for tightly pruned hedges, shapes and 
topiary. A lot of these cultivars are also prone to winter discoloration, and have leaves and growth 
habits that are morphologically very distinct of B. sempervirens. They are often rejected by the 
customers simply because they do not resemble the ‘traditional’ Buxus, even though they are 
regarded as ‘exciting novelties’ by a select group of amateur Buxus aficionados (Didier Hermans 
(Herplant BVBA), personal communication).  
Interspecific hybridization of cultivars could be a solution to this problem, combining the best of both 
worlds. A thorough breeding program has the potential to generate hybrid cultivars, in which the 
aesthetic value of B. sempervirens cultivars are combined with the host-resistance potential of the 
other species. Breeding efforts for Buxus are limited due to the long life cycles and the high costs 
involved, as is the case for most woody ornamentals (Van Huylenbroeck & Van Laere, 2010). 
Important sources of novelties are selections from wild populations, ‘lucky findings’ in open 
pollinated seedling populations and spontaneously occurring mutations (Van Huylenbroeck & Van 
Laere, 2010). Controlled hybridizations are not yet exploited extensively, although the large genetic 
variation between Buxus species (Van Laere et al., 2011) presents considerable opportunities. The 
only interspecific hybridizations known at this moment, are four cultivars selected at Sheridan 
Nurseries (Oakville, Ontaria, Canada), claimed to be hybrids of B. sempervirens ‘Suffruticosa’ and B. 
microphylla ‘Koreana’ (B. × ‘Green Gem’, B. × ‘Green Velvet’, B. × ‘Green Mound’ and B. × ‘Green 
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Mountain’ (Van Trier & Hermans, 2005). The hybrid nature of these cultivars was confirmed by Van 
Laere et al. (Van Laere et al., 2011) via AFLP analysis. However, these hybrids were selected in 1966, 
20 years before C. buxicola was first observed. Consequently, no hybrid populations have ever been 
tested for their host susceptibility to C. buxicola, and the segregation of resistance remains unknown.  
This research was conducted in cooperation with K. Van Laere (Institute for Agricultural and Fisheries 
Research (ILVO), Merelbeke, Belgium),whose research project aims to determine the possibilities for 
interspecific hybridization within Buxus, and to verify the existence of possible pre- and postzygotic 
barriers (In preparation by Van Laere, K.). Large number of interspecific crosses were performed 
(2009-2012), of which four hybrid populations were selected for testing the segregation of resistance 
to C. buxicola, the results of which are presented in this Chapter. 
8.2 Material and methods 
8.2.1 Controlled interspecific pollinations 
All plant material was obtained from Herplant BVBA. Hand pollinations, preceded by emasculation, 
were made from February until April in the years 2009 and 2010 (Table 8.1). Pollination was 
conducted under controlled environmental conditions in an insect-free greenhouse. Anthers with 
pollen were rubbed over susceptible stigmas of receptive female flowers. Seeds were harvested 
when fully matured, sown in trays filled with moistened sand, and stratified at 7°C  for three months, 
to improve germination rates. Resulting seedlings were transferred to P9 pots filled with a potting 
mixture composed of 93% peat and 7% coco fiber (25% dry matter), NPK 12-14-24 (1.5 kg m-3) and 
pH 5.7, and grown under standard cultural practices for boxwood.  
8.2.2 Confirmation of hybrid character 
The hybrid character of the seedlings resulting from crosses between parental plants with the same 
ploidy level was tested using AFLP markers, using the protocol and primer sets described in Van Laere 
et al. (2011). DNA was extracted from 30 to 40 mg young leaf material (lyophilized and ground). The 
markers uniquely present in each of the parent plants were checked for segregation in the offspring 
seedlings. Only markers with a size range between 50 and 450 bp and a peak height >50 arbitrary 
units were scored. Markers present only in a limited number of genotypes or constant bands (i.e with 
marker frequencies between 5 and 95% in the total dataset) were excluded from the analysis. 
Offspring with less than 10% of pollen parent markers were discarded for the segregation 
experiments.  
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Seedlings resulting from crosses with parent plants with a different ploidy level were analyzed using a 
Partec PAS II flow cytometer as described in Van Laere et al. (2011). All potential hybrids with a 
ploidy level different from the expected ploidy level (mean of the parents) were discarded for the 
segregation experiments.  
8.2.3 Segregation of resistance to C. buxicola 
Four hybrid populations were selected to test the segregation of resistance (Table 8.1), of which 
three were crossed in 2009 and one in 2010. The hybrid plants that survived 2.5 years of cultivation 
were clonally multiplied via cuttings in fall 2012 and fall 2013, respectively (2 or 3 cuttings per hybrid 
plant, depending on the available plant material). Simultaneously, cuttings were taken from the 
original parent plants, and grown under the same conditions as the cuttings from the hybrid plants. 
The pathogen inoculations were conducted in fall 2013, using either the grown cuttings (Pop 1, 2 and 
3; n = 2 or 3), or the hybrid plants (Pop 4, n = 1).  
 
Cross 
population 
Seed parent Pollen parent 
Crossing 
year 
# 
pollinations 
# seeds 
# 
seedlings 
Pop 1 B. harlandii B. semp. 'Latifolia M.'  2009 500 357 279 
Pop 2 B. harlandii B. micr. 'Trompenburg' 2009 300 236 150 
Pop 3 B. harlandii B. semp. 'Angustifolia' 2009 300 279 178 
Pop 4 B. harlandii B. semp. 'Suffruticosa' 2010 56 500 164 
 
The hybrid plants (and parental control plants) were inoculated with a conidial solution (5 x 104 
conidia mL-1) of C. buxicola isolate CB002 as described in Chapter 2, and incubated under nearly 100% 
humidity at 20°C for 7 days. For each plant, we determined the % diseased leaves and recorded the 
diameter of the largest individual lesion (range 1 to 8 mm). Data of the replicate test plants were 
averaged for each clone. The distribution of the different segregation patterns were statistically 
tested in STATISTICA 11. Within each population, we determined if there was a linear relationship 
between % diseased leaves and lesion size using simple linear regression analysis in STATISTICA 11.  
Table 8.1 Characteristics of the hybrid boxwood populations selected for determining the segregation of resistance factors to C. buxicola. 
B. semp. = B. sempervirens, B. micr. = B. microphylla. 
a.  
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8.3 Results 
Table 8.2 summarizes the mean percentages of diseased leaves and lesion sizes for each hybrid 
population, together with its parental controls. The detailed results of the different crossing 
populations are shown in Figure 8.1 to Figure 8.4. (Figure 8.1: B. harlandii × B. sempervirens ‘Latifolia 
Maculata’; Figure 8.2: B. harlandii × B. microphylla ‘Trompenburg’; Figure 8.3: B. harlandii × B. 
sempervirens ‘Angustifolia’;  Figure 8.4: B. harlandii × B. sempervirens ‘Suffruticosa’).  
In each crossing population, B. harlandii yielded a lower mean % diseased leaves and lesion size than 
the respective other parent (B. sempervirens ‘Latifolia Maculata’, B. microphylla ‘Trompenburg’, B. 
sempervirens ‘Angustifolia’, B. sempervirens ‘Suffruticosa’). The segregation pattern of the resistance 
characteristic was polygenic, in which hybrid plants demonstrate intermediate susceptibility 
compared to the parent plants, with normally distributed segregation patterns for % diseased leaves 
(Pop 1, 2, 3 and 4) and lesion size (Pop 1 and 3) (Table 8.2). A poisson distribution was observed for 
the segregation of  lesion size in Pop 2 (P = 0.26), whilst no distribution could be confirmed for the 
segregation of lesion size in Pop 4.  There were positive linear relationships between % diseased 
leaves and lesion size for all four crossing populations, although with small coefficients of 
determination (R² < 0.2) (Table 8.2).  
8.4 Discussion and conclusions 
We determined and analyzed the segregation of resistance traits in four interspecific crossing 
populations. These populations were primarily selected based on the large numbers of hybrid 
seedlings resulting from these crosses (> 100 hybrids per crossing population), which is essential to 
generate reliable segregation patterns.  
Of the four population tested, three were also interploidy hybridizations (Pop 1, 3 and 4). B. harlandii 
and B. microphylla ‘Trompenburg’ are tetraploids, while the B. sempervirens cultivars used here are 
all diploids. The inheritance of traits in crosses with polyploid species is generally considered as a 
challenge due to complex segregation, dosage effects (Guo et al., 1996; Guo et al., 2004) and 
potential non-Mendelian inheritance associated with epigenetic variations (Liu & Wendel, 2003; 
Osborn et al., 2003). The observed segregation patterns (normal or poisson distributed) indeed 
indicate a complex, polygenic segregation of quantitative resistance traits. These patterns 
approximate a continuous gradient depicted by a normal distribution, indicating at least two major 
effect loci, or possibly several loci with minor effects on resistance against C. buxicola. In the triploid 
hybrid populations (Cross-populations 1, 3 and 4; Figures 8.1, 8.3 and 8.4, respectively), the 
segregation patterns for % diseased leaves seem visually skewed towards the seed parent B. 
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harlandii, possibly caused by the larger contribution to the DNA content of the hybrid plants (ploidy 
levels hybrid plants: 2n = 3x, of which 2x = maternal, 1x = paternal).  
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Table 8.2 Mean Cylindrocladium buxicola percentages of diseased leaves and lesion sizes in the Buxus hybrid populations and in their parents. The right column contains the data from the 
linear regression between % diseased leaves and lesion size in the hybrid populations. 
Crossing 
population 
Parental species and 
cultivars 
Mean % diseased 
leaves (± stdev) 
Mean lesion size (± 
stdev) (mm) 
Linear regressiona curves 
(hybrids) 
Normalityb of segregation patterns  
(hybrids) 
% diseased leaves Lesion size 
Pop 1 
B. harlandii  4.7 ± 6.8 n = 71 2.5 ± 0.9 n = 32 a = 3.47 (P = 0.0000)     
      ×      → hybrids 20.9 ± 10.1 n = 217 4.9 ± 1.2 n = 217 b = 4.01 P = 0.1986 P = 0.5409 
B. sempervirens 
'Latifolia Maculata'  
52.9 ± 21.2 n = 49 7.5 ± 0.7 n = 49 R² = 0.1761     
Pop 2 
B. harlandii 3.0 ± 1.0 n = 3 2.0 ± 0.0 n = 3 a = 1.20 (P = 0.0048)     
×      → hybrids 10.9 ± 10.3 n = 106 3.2 ± 2.6 n = 106 b = 7.50  P = 0.1384 P = 0.0003 
B. microphylla 
'Trompenburg' 
14.0 ± 15.0 n = 3 4.9 ± 3.4 n = 3 R² = 0.0784     
Pop 3 
B. harlandii 3.0 ± 1.0 n = 3 2.0 ± 0.0 n = 3 a = 2,07 (P = 0.0001)     
×      → hybrids 19.8 ± 13.1 n = 126 5.9 ± 2.6 n = 126 b = 6,91 P = 0.0989 P = 0.1786 
B. sempervirens 
'Angustifolia'  
38.0 ± 20.0 n = 3 8.1 ± 3.5 n = 3 R² = 0.1313     
Pop 4 
B. harlandii 1.7 ± 0.9 n = 20 2.6 ± 0.6 n = 19 a = 2,18 (P = 0.0000)     
×      → hybrids 12.7 ± 0.9 n = 142 4.4 ± 1.8 n = 134 b = 3.71  P = 0.6589 P = 0.0000 
B. sempervirens 
'Suffruticosa'  
29.4 ± 8.6 n = 24 7.9 ± 0.3 n = 24 R² = 0.1672     
a
 % diseased leaves = a × Lesion size (mm) + b. A P-value < 0.05 represents a linear correlation. R² = coefficients of determination.  
b
 P-values > 0.05 represents a normal distributed segregation pattern
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Figure 8.1 Cylindrocladium buxicola lesion resistance segregation data in the Buxus harlandii x B. sempervirens ‘Latifolia Maculata’ hybrid 
population. A) Segregation pattern of % diseased leaves; B) Segregation pattern of lesion size; C) Correlation between lesion size and % diseased 
leaves. Light blue bars (A-B) and dots (C) represent the data from the individual hybrid plants. Green, dark blue and red vertical lines (A-B) and dots 
(C) represent the mean values for B. harlandii, the entire hybrid population and B. sempervirens ‘Latifolia Maculata’, respectively. Numeric mean 
data are summarized in Table 8.2.  
Part III Chapter 8 
 
190 
 
  
Figure 8.2 Cylindrocladium buxicola lesion resistance segregation data in the Buxus harlandii x B. microphylla ‘Trompenburg’ hybrid population.      
A) Segregation pattern of % diseased leaves; B) Segregation pattern of lesion size; C) Correlation between lesion size and % diseased leaves. Light 
blue bars (A-B) and dots (C) represent the data from the individual hybrid plants. Green, dark blue and red vertical lines (A-B) and dots (C) represent 
the mean values for B. harlandii, the entire hybrid population and B. microphylla ‘Trompenburg’, respectively. Numeric mean data are summarized 
in Table 8.2.  
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Figure 8.3 Cylindrocladium buxicola lesion resistance segregation data in the Buxus harlandii x B. sempervirens ‘Angustifolia’ hybrid 
population. A) Segregation pattern of % diseased leaves; B) Segregation pattern of lesion size; C) Correlation between lesion size and % 
diseased leaves. Light blue bars (A-B) and dots (C) represent the data from the individual hybrid plants. Green, dark blue and red vertical 
lines (A-B) and dots (C) represent the mean values for B. harlandii, the entire hybrid population and B. sempervirens ‘Angustifolia’, 
respectively. Numeric mean data are summarized in Table 8.2. 
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Figure 8.4 Cylindrocladium buxicola lesion resistance segregation data in the Buxus harlandii x B. sempervirens ‘Suffruticosa’ hybrid 
population. A) Segregation pattern of % diseased leaves; B) Segregation pattern of lesion size; C) Correlation between lesion size and % 
diseased leaves. Light blue bars (A-B) and dots (C) represent the data from the individual hybrid plants. Green, dark blue and red vertical 
lines (A-B) and dots (C) represent the mean values for B. harlandii, the entire hybrid population and B. sempervirens ‘Suffruticosa’, 
respectively. Numeric mean data are summarized in Table 8.2. 
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In the hybrid plants of all four crossing populations, we observed weak positive linear relationships 
between % diseased leaves and lesion size, indicative of a complex genetic background with two 
disease resistance traits, of which the combined effect determines the final disease susceptibility.  
The segregation of the quantitative resistance traits observed in this research could have important 
practical implications for the breeding of esthetically desirable, resistant cultivars. Both % diseased 
leaves and lesion size should be important selective criteria when screening for interesting 
phenotypes. Breeders can optimize their chance of finding suitable hybrids via well-considered 
selection of parental plants. For example, if the morphological features in the resistant parent are 
reasonable and the susceptibility in the parent with desirable morphological traits is not too large, 
then the chances of obtaining a larger number of interesting hybrid genotypes is increased.  
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9.1 Introduction  
An integrated management plan aims to reduce disease development to acceptable levels in the 
most economically efficient and environmental sound means possible. It is a common misconception 
that integrated management seeks to eliminate the use of fungicides. Fungicides are an integral part 
of any IPM plan, although a well-designed IPM plan should ensure that fungicides are used in the 
most effective manner, wich often results in a reduction of fungicide usage. The appearance of 
fungicide resistance has become an important factor in limiting the efficacy and useful lifetime of 
fungicides developed at increasingly higher costs. Fungicide resistance can be conferred by various 
mechanisms, but the most common resistance mechanism of phytopathogenic fungi to (single-site) 
fungicides is an alteration of the biochemical target site of the fungicide (Ma & Michailides, 2005). 
The build-up of resistance in these single-site fungicides is greatly favored by the sustained, sole use 
of fungicides with specific mechanisms of action. Consequently, it is advised not to use at-risk 
products exclusively, but rather to apply them as a mixture with one or more fungicides of a different 
type, or as one component in a rotation or alternation of different fungicide treatments (Brent & 
Hollomon, 1995; FRAC, 2013)  
Sanitation practices and cultural measures are increasingly more incorporated into the integrated 
management of box blight. However, these practices alone are often insufficient to prevent 
outbreaks of C. buxicola, especially when weather conditions are highly conducive for spread and 
infection (see Chapter 6). Consequently, preventive fungicide treatments are still a key component in 
the integrated management of box blight disease in nurseries. In Belgium, six active substances from 
four chemical groups are registered for use against C. buxicola (Table 9.1). The chloronitrile 
substance chlorothalonil is a contact fungicide involved in the glutathione metabolism (Cox, 1997) 
and due to its multi-site target activity it is generally considered a low risk active substance. The 
other five substances, however, belong to the systemic, single-site demethylation inhibitors, methyl 
benzimidazole carbamates and quinone outside inhibitors (DMI, MBC and QoI-fungicide groups, 
respectively), and interact with ergosterol biosynthesis, cell division, and mitochondrial respiration, 
respectively. Several target site mutations are known to lead to resistance against these groups 
(Brent & Hollomon, 1995; FRAC, 2013; Ma & Michailides, 2005). Hence, these groups have been 
characterized as having medium (DMI-fungicides) to high (MBC- and QoI-fungicides) risk for 
resistance development according to the Fungicide Resistance Action Committee (FRAC, 2013). 
Due to the diversity in fungicide groups available against box blight in Belgium, the currently 
registered products (Table 9.1) were considered sufficient for the sustainable use of fungicides. 
Recently, however, some alarming evolutions have occurred that might threaten this assumption. 
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First, the use of chlorothalonil-based fungicides (e.g. Bravo 500, Abringo etc.) has now been 
restricted to ‘use under protected conditions’ only by the Federal Agency for the Safety of the Food 
Chain (FASFC) (www.fytoweb.fgov.be, communication message 23 of July, 2013), while most 
boxwood plants are field-grown and even a significant part of the container-grown boxwood plants 
are produced under outdoor conditions. Secondly, we demonstrated multi-drug resistance in G2 
lineage isolates to active ingredients from at least two fungicide groups (Chapter 2). Although the 
observed MDR of G2 isolates was considered inherent to the introduced isolate, rather than a 
consequence of prolonged contact with the fungicides themselves, their reduced susceptibility to 
tetraconazole and kresoxim-methyl was strong enough to cause in vivo resistance of G2 isolates 
against the corresponding commercial products Eminent (a.i. tetraconazole) and Candit (a.i. 
kresoxim-methyl). However, no proof was found for single-mutation based resistance development 
against tetraconazole, kresoxim-methyl or thiophanate-methyl, which could lead to cross-resistance 
and consequently, failure of an entire chemical fungicide group (DMI, QoI and MBC fungicides, 
respectively). It cannot be excluded, however, that mutation-based resistance development events 
will occur in the future. MBCs-resistant (benomyl, thiophanate-methyl (Alfenas et al., 1988; 
Guarnaccia et al., 2012; Polizzi & Vitale, 2000)) and DMIs-resistant (prochloraz)(Guarnaccia et al., 
2014) isolates have been confirmed in several other Cylindrocladium spp., demonstrating the 
potential high risk of these fungicide groups.  
Due to the restriction on the use of chlorothalononil-based fungicides and the observed MDR of G2 
isolates, effective rotation of currently registered products might become increasingly difficult. Based 
on these considerations, we determined the preventive and/or curative efficacy of several additional 
active ingredients against Cylindrocladium buxicola, with the goals of determining the general 
systemic (curative) and contact (preventive) activities of diverse chemical groups, and identifying 
candidate active ingredients for later official registration. Registration of fungicides of multiple 
chemical groups, effective against both G1 and G2 isolates, should secure sustainable use of 
fungicides against C. buxicola in the future. Although no products could be tested against a G2 isolate 
in vivo yet, selection of compounds took into account the results of the in vitro efficacy experiments 
against G2 isolates described in Chapter 2. We also considered the effect of leaf age (hardiness) and 
the preventive as well as curative activities. 
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Table 9.1 Commercial products with a Belgian registration for the control of Cylindrocladium buxicola in Buxus, with their corresponding active ingredients, mode of action (MOA), 
composition, formulation and registered dose. Source: www.fytoweb.fgov.be 
 
 
 
 
 
 
 
 
 
 
a Mode of Action  
b SC = suspension concentrate, ME = micro-emulsion, WG = water dispersible granule 
 
Commercial names Active ingredient Group name MOAa Composition Formulationb Dose hL-1 
Bravo (500), Abringo, Pugil, 
Taloline, Life Scientific 
Chlorotalonil 
chlorothalonil chloronitriles 
multi-site contact 
activity 
500 g L-1 SC 300 mL 
Eminent, Belrose tetraconazole DMI-fungicides  
sterol biosynthesis in 
membranes 
125 g L-1 ME 75 mL 
Topsin M 70 WG thiophanate-methyl MBC-fungicides 
mitosis and cell 
division 
70% WG 110 g 
Candit kresoxim-methyl QoI-fungicides respiration 50% WG 100 g 
Ortiva Top, Ortiva plus 
difenoconazole  DMI-fungicides  
sterol biosynthesis in 
membranes 
125 g L-1 
SC 100 mL 
+ azoxystrobin QoI-fungicides respiration 200 g L-1 
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9.2 Material and methods 
9.2.1 In vivo efficacy screenings 
All plant material was obtained from Herplant BVBA. The experiments were conducted at least six 
months after the last fungicide application. Cylindrocladium buxicola inoculum consisted of conidial 
suspensions of G1 reference isolate CB002, generated as described in Chapter 2.Three in vivo 
screenings (Experiment 1, 2 and 3) were conducted. Although the basic design was similar for all 
experiments, some differences between the experiments were inevitable, such as the incubation 
conditions, time of evaluation and the plant cultivar, size and leaf hardiness. The details of the three 
experiments are listed in Table 9.2..  
For each fungicide treatment (each fungicide applied either preventively or curatively) and control 
treatment, four replicates of five plants (experimental unit) were tested, using a randomized block 
design. The plants were preventively (1 day before inoculation) or curatively (2 days post inoculation) 
sprayed (1000 L ha-1) with registered rates of a commercial product (Table 9.2). Test plants in a 50% 
tray occupation were spray-inoculated from above with 100 mL m-2 freshly harvested spore 
suspension (2 x 104 conidia mL-1) using a pressurized spray bottle (Super Star 1.25, Birchmeier 
Sprühtechnik AG, Stetten, Germany). Negative control plants (non-treated, non-inoculated) and 
positive control plants (non-treated, inoculated), were added in each experiment. To avoid edge 
effects during fungicide treatments and inoculations, an additional 30 cm spray-zone was maintained 
in all directions surrounding the test plants. The inoculated plants were immediately placed in plastic 
tunnels (four replicate tunnels, each containing five plants per fungicide treatment or control 
treatment) in a greenhouse on top of wet capillary textile matting, and incubated under near 100% 
humidity. 
Following incubation, we averaged the number of diseased leaves for each five plants representing 
an experimental unit. To neutralize possible effects between replicate tunnels (e.g. differences in 
humidity or temperature between incubation tunnels), we expressed the mean numbers of diseased 
leaves of each fungicide experimental unit relative to the value of the untreated control 
experimental unit,  incubated in the same replicate tunnel (control-based normalization). These 
relative disease percentages were averaged again over the four replicates to determine the mean 
relative disease percentage for each fungicide treatment (i.e. the disease expression on fungicide-
treated plants relative to the disease expression on the untreated control plants). In one occasion 
(Experiment 2, curative treatment), the lesion sizes for each treatment were estimated by visually 
determining the most commonly found lesion size class (0-1, 1-2, 2-3, 3-4, 4-5, 5-6 mm). 
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For the purpose of statistical analysis, the relative disease percentages of the experimental units 
(four per fungicide treatment) were arcsine square root transformed. Differences between fungicide 
treatments were statistically tested using ANOVA and Tukey’s HSD post hoc test in STATISTICA.  
9.2.2 Fungicides 
In total, we tested the preventive and/or curative efficacy of 22 commercially available fungicides, 
containing 24 active ingredients from 13 (FRAC) fungicide groups. Some fungicides were tested in 
more than one experiment. All active ingredients are registered on other crops in Belgium, or will be 
in the near future. This would allow for a faster registration process when registration on Buxus 
would seem desirable. Test doses were based on registered doses in other crops (when possible: 
horticultural crops), as listed on the official government website Fytoweb 
(http://www.fytoweb.fgov.be/). Treatments with reference products Eminent were included, 
allowing comparison of each product within experiments. The products used, their active ingredients, 
concentrations and test doses, and the type of screenings conducted (preventive/curative efficacy) 
are listed in Table 9.2.  
 
 
.
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Table 9.2 Test plant details, incubation conditions, and evaluated parameters of fungicide efficacy experiments 1, 2 and 3.  
 
  Exp. 1 (February 8, 2011)   Exp. 2 (March 29, 2011)   Exp. 3 (May 16, 2012) 
Test plants  
Cultivar and pot size   Buxus sempervirens, P9   B. sempervirens 'Suffruticosa', P9   B. sempervirens 'Suffruticosa', 1.5 L 
Leaf hardiness b   100% M   40 % M/ 60 %Y   100 % M  
Incubation  
Maximal T (°C)   21.3 ± 0.3 (± stdev, n = 3)   28.6 ± 0.3 (± stdev, n = 4)   35.0 
Average T (°C)   15.9 ± 0.6   19.9 ± 0.2   23.2 
Minimal T (°C)   12.8 ± 0.2   17.1 ± 0.3   16.0 
Relative Humidity (%)   98.1 ± 0.9   96.2 ± 3.1   94.5 
Evaluationc 
Time of evaluation   P/C: 8 dpi   P: 8 dpi, C: 9 dpi    P/C: 7 dpi 
Scored parameters 
  
P/C: % diseased leaves 
 P: % diseased leaves   
P/C: % diseased leaves 
   C: % diseased leaves + lesion size    
a 
Dates refer to day of pathogen inoculation. 
b
 Leaf hardiness description of the test plant expressed as the estimated ratios of young (Y) and mature (M) leaves, based on the leaf color and rigidity.  
c
 Evaluation of preventively (P) or curatively (C) treated test plants 
  
Fungicide efficacy 
 
205 
 
Table 9.3 Commercial products tested during the in vivo fungicide screenings, with corresponding company, active ingredient(s), FRAC code, concentration and dose.  
 
a According to the code list 2013 of the Fungicide Resistance Action Committee (FRAC).  
b NT = Not tested 
c Trend 90 is a surfactant, applied to increase the wetting and spreading properties, as well as increase the absorption of the active compound.  
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9.1 Results 
The results of the in vivo efficacy screenings are shown in Figure 9.1 (preventive treatments) and 
Figure 9.2 (curative treatments). The efficacy of the different treatments is expressed as mean 
relative disease % relative to a non-treated control. The lower the relative disease expression, the 
higher the efficacy of the treatment. The lesion size estimates on mature and young leaves following 
the curative treatments in screening experiment 2 are listed in Table 9.4.  
No disease expression was observed on the non-inoculated negative control plants. Preventive 
treatments with the following commercial products had relative activities comparable to those of 
registered reference products Eminent and Bravo: Foram 80WG, Bumper 25EC, Corbel, Impulse, 
Comet, Cantus, Alto Extra, Horizon, Fungaflor, Mildin, Dithane, Priori Xtra and Sporgon. For Alto 
Extra, however, strong phytotoxic symptoms were observed on the youngest leaves. On mature 
leaves, curative treatments reduced in lower reductions of disease expression on compared to the 
preventive treatments. Also, lesion sizes on mature leaves were comparable on both curatively 
treated and non-treated plants. However, on young leaves the disease expression was strongly 
reduced following curative fungicide application, especially with DMI fungicides (Frac code 3). In the 
case of triazole fungicides (Eminent, Horizon, Alto Extra), not only a statistically significant decrease 
in % diseased leaves was observed compared to the untreated control (P-values < 0.001), the rare 
lesions also were much smaller (< 1 mm) compared to those in the curative treatments with other 
fungicides (Table 9.4). For the 3 weeks following this first evaluation (9 dpi), these lesions did not 
increase in size (lesion development arrested), in contrast with other curative treatments (e.g. 
Corbel, Mildin), in which lesion growth was slowed down but not arrested.  
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Table 9.4 Estimation of the lesion sizes (diameter in mm) of the observed leaf lesions (9 dpi, Experiment 2) on young and 
mature leaves, following curative treatment. 
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Figure 9.1 Disease expression on plants treated preventively with different commercial fungicides 1 day before inoculation, 
expressed relative to a non-treated control. Three experiments were conducted  (A: Exp. 1, B: Exp. 2, C: Exp. 3). Within each 
experiment, means marked with the same letter are not significantly different at P=0.05. Non-transformed data is shown in 
this figure, although the statistical analyses were conducted on transformed data. Error bars represent standard errors 
(n=4).    
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Figure 9.2 Disease expression on  plants  treated curatively with different commercial fungicides 2 days post inoculation, 
expressed relative to a non-treated  control. Three experiments were conducted (A: Exp. 1, B: Exp. 2, C: Exp. 3). In 
experiment 2 (graph B), the mature leaves (light gray) and the young leaves (dark grey) were evaluated independently. 
Within each experiment and leaf age (Experiment B), means marked with the same letter are not significantly different at 
P=0.05. Non-transformed data is shown in this figure, the statistical analyses were conducted on transformed data. Error 
bars represent  standard errors (n=4). 
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9.2 Discussion and conclusions 
In this chapter, we determined the preventive and/or curative efficacy of several active ingredients 
(Table 9.3) against C. buxicola, with the aim of identifying candidate active ingredients for later 
official registration. Most of the products appear to have some systemic activity when applied 
curatively (e.g. Experiment 1: reductions to 40-65% of the disease level of the non-treated positive 
control, Figure 9.2A). However, a substantial part of the inoculated conidia might not have infected 
the test plants yet at the moment the curative treatment was conducted (2 days post inoculation). In 
Chapter 6, we demonstrated that depending on the incubation temperature, only 45 to 75 % of the 
total infection potential (evaluated 7 dpi) occurs within the first 48 hours post inoculation. The 
observed reductions in the percentages of diseased leaves compared to the non-treated control are 
therefore mostly the result of direct contact activity against not yet-penetrated conidia, rather than 
the result of systemic activity within the leaves.  
The generally small and constant reductions in disease expression following curative treatments on 
the mature B. sempervirens leaves of experiment 1 (Figure 9.2A), and the mature B. sempervirens 
‘Suffruticosa’ leaves of experiment 2 (Figure 9.2B, light gray)  seem to indicate these effects are due 
to contact activity, and not systemic activity. Clear systemic activity, visualized both by lower 
percentages of diseased leaves and smaller leaf lesions, was demonstrated on the young B. 
sempervirens ‘Suffruticosa’ leaves of experiment 2(Figure 9.2B, dark gray) for the products Alto Extra, 
Horizon, Eminent, Fungaflor and, to a lesser extent, Mildin. Also, in contrast to the results in 
experiment 2, significantly reduced disease expression following curative treatments has been 
observed on the mature B. sempervirens ‘Suffruticosa’ leaves of experiment 3 (Figure 9.2C) for the 
products Prior Xtra, Eminent and Horizon.  
Although the test plants in experiment 3 (conducted in May, 16) were visually scored 100% ‘mature’, 
a substantial part of those leaves emerged earlier in that growing season (two months before 
inoculation) (current-year mature leaves). In contrast, all of the mature leaves on the test plants in 
experiment 1 (conducted in February, 8) and experiment 2 (conducted in March, 29) originated from 
the previous season (one-year-old mature leaves). Although we were not able to visually discriminate 
between current-year and one-year-old mature leaves, it is likely that leaf age does influences the 
thickness of the waxy cuticle on Buxus leaves and consequently, the absorption of fungicides. As 
such, the thickness of the waxy cuticle must be seen as a continuous parameter, rather than a simple 
visual dual discrimination between ‘mature’ and ‘young’. To illustrate this, curative treatments with 
both Eminent and Horizon reduced disease expression on the B. sempervirens ‘Suffruticosa’ plants 
with about 95% on newly sprouted young leaves (Exp. 2, Figure 9.2B, dark gray), about 80% on 
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mature leaves sprouted earlier in the same growing season (Exp. 3, Figure 9.2C), and only about 40% 
on 1-year old mature leaves (Exp. 2, Figure 9.2B, light gray). These observations indicate that the 
absorption efficiency of the spray solutions and hence, partial systemic relocation of the active 
ingredient, strongly depends on the leaf hardiness (≈ thickness of the waxy cuticle) of the Buxus 
foliage. Substantial differences in systemic activity are not only to be expected for different leaf ages. 
Differences in curative fungicide efficacy between Buxus species may also be observed, as the 
thickness of the waxy cuticle varies greatly between Buxus species and cultivars (Dr. JoAnne Crouch 
(USDA-ARS), personal communication).   
Especially products with a triazole component (Alto Extra, Prior Xtra, Eminent, Horizon) seem to have 
a strong systemic activity on recently emerged leaves (young and current-year mature leaves). These 
products not only decreased the number of lesions, they also seem to halt lesion growth for several 
weeks following inoculation. It is unclear whether these substances truly eradicate the fungus, or 
merely inhibit fungal growth temporarily. The multi-site target contact fungicides (Frac code with ‘M’ 
in Table 9.3) on the other hand, all performed poorly when used curatively, even on the young leaves 
in experiment 2 (Figure 9.2B, dark gray) or current-year mature leaves in experiment 3 (Figure 9.2C), 
indicating these products lack any systemic activity.  
Several products have been identified with good preventive activity. However, the good preventive 
efficacy of the products Eminent, Horizon, Alto Extra, Prior Xtra, Mildin and Fungaflor, observed in 
experiment 2 (Figure 9.1B) and experiment 3 (Figure 9.1C) are probably also partially due to their 
systemic action on the young leaves (experiment 2) and the current-year mature leaves (experiment 
3).The multi-site activity products Foram 80WG and Dithane WG on the other hand both 
demonstrated very good to superior preventive action, with relative activity comparable to Bravo 
500, even in absence of any systemic activity. On plants with 100% 1-year-old mature leaves 
(experiment 1, Figure 9.1A), in which the DMI fungicides could not benefit from their systemic 
activity, the superior preventive activity of Foram 80WG becomes clear, demonstrating statistically 
significant lower disease expression than the other (systemic) products. In addition, these products 
are characterized by a very low risk for resistance development, making them valuable components 
in any spraying program. This (Ivors et al., 2013) 
No phytotoxicity was observed during any of the experiments, with the exception of the treatments 
with Alto Extra. Although Alto Extra was very active against C. buxicola, it caused phytotoxic effects 
on young leaves, possibly limiting its utility in practice. The use of Alto Extra implies a relatively high 
application dose of the active ingredients (product dose x concentration of a.i. : 20.5 g 100 L-1 for the 
combined triazole ingredients). It would be interesting to test whether a decreased dose would 
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demonstrate equal efficacy without producing phytotoxicity. Detailed data on phytotoxicity should 
be collected before any registration application. More specifically, all of the candidate products 
should be tested for phytotoxity on plants with new shoots, as young leaves were most vulnerable. 
When assessing the potential practical value of a product, we also have to incorporate the possible 
differences in efficacy against G2 isolates, in addition to product efficacy, phytotoxicity and the risk 
for resistance development. For instance, triazole substances generally reduced % diseased leaves 
and lesion sizes considerably, due to a strong systemic activity. However, in Chapter 2 we 
demonstrated reduced sensitivity of G2 isolates against several triazoles. Of the five triazoles tested 
in vitro in Chapter 2 (tetraconazole, cyproconazole, propiconazole, myclobutanil, tebuconazole; see 
Table 2.3), only tetraconazole demonstrated a statistically significant reduction in efficacy against G2 
isolates compared to G1 isolates. This strong reduction in susceptibility caused complete in vivo 
resistance of G2 isolates against the product Eminent (a.i tetraconazole). The triazoles propiconazole 
and cyproconazole both demonstrated small but statistically significant reductions in efficacy against 
G2 isolates. Although the reduction in sensitivity was much smaller compared to tetraconazole, 
additional research on the in vivo efficacy of products based on these ingredients is still warranted, 
to guarantee their efficacy against both G1 and G2 isolates. Of all triazoles tested in vitro, only 
tebuconazole and myclobutanil had comparable in vitro efficacy against both G1 and G2 isolates. In 
addition, their EC50 values were similar or even better than tetraconazole. In our in vivo efficacy 
screenings against a G1 isolate, however, the products Systhane 20EW (myclobutanil) performed less 
effective than the other products with triazole components (e.g. Bumper 25EC and Eminent). The 
dose of myclobutanil (6 g 100 L-1) was also substantially lower than the dose of propiconazole 
(Bumper 25EC: 12.5 g 100 L-1) and tetraconazole (Eminent: 9.4 g 100 L-1), in accordance with label 
recommendations. At higher rates, myclobutanil might demonstrate better efficacy, provided that 
phytotoxicity is not an issue. Horizon (a.i. tebuconazole) was a very effective product in our 
screenings, comparable to the registered product Eminent (a.i. t, but with the advantage of being 
equally effective against both G1 and G2 isolates (at least in vitro). Although the use of Horizon 
implies a high dose of tebuconazole (20 g 100 L-1), no phytotoxicity was observed.  
Based on the results of this study, steps have been taken to register new products for control of C. 
buxicola on Buxus. The active ingredient tebuconazole could be a good alternative for the registered 
ingredient tetraconazole, with the advantage of being effective against both G1 and G2 isolates. As 
for alternatives for the chlorothalonil-based products, thiram or mancozeb-based products might be 
good alternatives. These products have strong preventive activities and are not restricted to use 
under protected conditions. 
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10.1 Introduction 
In view of the economic importance of the fungus Cylindrocladium buxicola for the boxwood 
producing industry, reliable knowledge of the pathogen’s biology and the susceptibility of the diverse 
Buxus species and cultivars was urgently needed to allow a sustainable integrated disease 
management. The general objective of this work was to gain a better understanding of the disease, 
to provide the sector with ecologically sound and economically viable means of disease control, and 
to secure the reputation of Buxus as as a valuable and versatile plant in modern-day landscaping. The 
primary objectives of this work, as stated in the problem statement and thesis outline, were: 
1) To determine the genotypic and phenotypic diversity of C. buxicola isolates. Diversity 
between isolates from different geographic origins and isolation years might have practical 
consequences regarding the detection, impact and control of this pathogen.  
2) To increase our knowledge of the epidemiology of C. buxicola. A  better knowledge of the 
epidemiology should result in additional management options such as interference with the 
pathogen’s spread, survival and introduction via cultural measures.  
3) To evaluate the host susceptibility of a range of economically interesting Buxus species or 
cultivars and determine the genetic segregation of resistance traits. Knowledge of host 
susceptibility should lead to a better risk assessment of the Buxus assortment and the 
commercialisation of less susceptible cultivars. Furthermore, a profound understanding of 
plant-pathogen interactions and segregation of resistance would be invaluable for future 
breeding programs.  
4) To determine the efficacy of a selection of fungicides to control C. buxicola on Buxus. The 
aim was to identify candidate active ingredients for later official registration, as chemical 
control can only be sustainable when both the professional and non-professional users of 
Buxus have access to registered products from several chemical classes.  
This research has significantly advanced our understanding of the interaction between C. buxicola 
and Buxus, leading to important insights in the possibilities of integrated management of the box 
blight disease. In addition, several aspects still deserve extra experimental investigation. This chapter 
discusses the major research findings of this work and their implications, the possibilities for 
integrated management of the box blight disease, and possible future perspectives.  
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10.2 The development of molecular tools for Cylindrocladium 
buxicola  
We developed and validated several molecular tools, allowing improved detection, identification and 
genotyping of C. buxicola in future diagnostics and research.  
In Chapter 4, we describe the development of two non lineage-discriminative real-time PCR assays. 
The TaqMan ITS-based assay provided superior sensitivity and good but not complete specificity. 
When combined with the developed sample processing and DNA extraction protocols, this assay is 
the best choice for future epidemiological studies. The TUB-based assay, on the other hand, was 
slightly less sensitive, but fully specific. Its specificity and lower cost make this assay the choice of 
preference for diagnostic purposes. Due to its lower senstivity, however, it can miss marginal 
amounts of conidia in environmental air and water samples, which limits its utility for performing 
epidemiology research. 
When differentiation between the G1 and G2 lineage is required (See 10.3), an operator should use 
the TUB-based PCR-RFLP assay or the G1/G2 specific real-time assays developed and validated in 
Chapter 2. Although both methods are considered reliable for this purpose, the real-time assays are 
definitely the most elegant tools, as they are less labour-intensive than the PCR-RFLP. Moreover, 
they can be simultaneously used with the non lineage-discriminative ITS-based assay, effectively 
combining lineage-discriminative power and sensitivity. In contrast with the real-time assays, 
however, PCR-RFLP does not require advanced instruments, allowing the use of the TUB-RFLP assay 
in most laboratories.  
As long as no other lineages are identified, the G1/G2-discriminative assays will remain useful as easy 
and inexpensive screening methods to determine the presence or absence of G2 isolates in nurseries 
and gardens, but also to monitor introduction in new geographic regions (e.g. North America). 
However, as these assays are based on a limited number of single-nucleotide polymorphisms, an 
operator will not be able to identify newly introduced lineages. Simple sequence repeats (SSR), on 
the other hand, are characterized by a high degree of length polymorphisms. Although the use of SSR 
markers is more labor- and time-intensive, and requires expensive equipment for high-resolution 
electrophoresis, it does allow for identification of possible new lineages. Although all 11 
microsatellite markers selected in Chapter 3 have to be used to differentiate between the defined G1 
multilocus genotypes, a smaller selection of SSR markers would be sufficient to genotype a isolate at 
lineage level, reducing costs and labor.  
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10.3 The identification and characterization of a second 
Cylindrocladium buxicola lineage 
In Chapter 2, we identified a second C. buxicola lineage, G2, and characterized it genetically and 
phenotypically, using the original lineage G1 as a reference. The isolation data of the G2 isolates 
suggest this lineage was introduced more recently in Europe, independently of the introduction of 
G1. Although G2 isolates have not yet been detected outside of Europe, the SSR data (Chapter 3) 
prove that long distance and even intercontinental introductions do occur. Due to the absence of 
strict import/export restrictions and regulations on international trade of Buxus material, we 
consider it likely that G2 will get introduced in North America, Asia and other regions at some point 
in the future. It may already have happened. The subsequent dispersal and impact of the G2 isolates 
in these regions may be more severe than that of G1 isolates, as isolates of the G2 lineage 
demonstrated reduced sensitivity to economically important fungicide groups and were more 
thermotolerant. 
Consequently, we strongly advise both European and non-European plant protection organizations 
and research groups to take the possible occurrence of G2 isolates in their territory into account in 
future decision-taking and research plans. As part of fungicide registration processes, both G1 and G2 
isolates should be used in in vivo efficacy screenings, even when G2 is not present yet in the region. 
Evidently, biosecurity measures should be taken to prevent G2 isolates from spreading during these 
in vivo screenings. Experiments with G2 isolates should be conducted under fully enclosed, indoor 
conditions, and plant material should be adequately destroyed after the experiment, in essence 
treating G2 isolates as quarantine pathogens. If the infrastructure does not allow for in vivo efficacy 
screenings with G2 isolates, one should at least consider in vitro experiments to compare the efficacy 
of the active ingredients of interest against both G1 and G2 isolates. Only fungicides with similar 
efficacy against both G1 and G2 isolates should be withheld for registration. Moreover, currently 
registered fungicides should be re-evaluated accordingly.  
The identification of the more stress-tolerant G2 lineage cleary demonstrates the danger of future 
introductions of even more lineages, as new genotypes can be potentially more aggressive, fitter 
and/or more  virulent than the two lineages already described. It is known that some boxwood 
nurserymen and aficionados screen local native boxwood populations for interesting phenotypes 
that can be registered as new cultivars. This practice might be the pathway via which the pathogen 
has been introduced in the commercial circuit already twice. Therefore, it would be valuable to 
survey wild boxwood populations for box blight symptoms on a global scale and, in case of positive 
findings, isolate and genotype the C. buxicola isolate(s). If the endemic origin of the pathogen could 
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be determined, appropriate measures can be taken to prevent or restrict the removal of native plant 
material and minimalize the chance of introducing new C. buxicola genotypes into the commercial 
boxwood sector. At this moment, all isolates collected from wild boxwood populations in Europe and 
Asia were classified as G1 (UK, BE, GE, TU, IR) or G2 (DE). Given the absence of genotypic diversity 
(i.e. isolates with a genetic background differing  from the G1 or G2 lineage isolates), it is likely that 
these C. buxicola populations are also introduced. As long as the endemic origin has not been 
determined, it will remain important to continue sampling and genotyping C. buxicola isolates, as 
early identification and eradication of new introductions could prevent international dispersal.  
10.4 The sequencing and annotation of a G1 isolate genome 
In Chapter 3, we determined the nuclear genome sequence of a G1 isolate, allowing us to screen for 
candidate microsatellite sequences for the development of SSR markers. However, this genome data 
contains much more information than used in this dissertation.  
Analysis of a pathogen genome can reveal the cell surface receptors that respond to external stimuli 
and relay that information into the cel. It can identify the products that a pathogen secretes, be they 
small molecules such as toxins, proteinaceous effectors to perturb host signaling or metabolism, or 
the array of hydrolytic enzymes that digest extracellular macromolecules into smaller subunits that 
the fungus can use. To a large degree, this information reflects the ecological niche that  the 
pathogen can occupy, and  the variety of nutrional sources that it can use (Soanes et al., 2007). A 
detailed genomic profile of C. buxicola can help to identify specific and general targets for disease 
intervention. 
10.5 A better understanding of the biology and epidemiology 
of Cylindrocladium buxicola 
This research clearly demonstrated water-mediated spread as the main dispersal pathway of C. 
buxicola. Weak rain events can splash-disperse conidia directly to the plants in the near proximity. 
More intense rain events, on the other hand, allow for both direct and indirect splash dispersal, the 
latter a less frequent but possibly more dangerous pathway of spread, as it can spread the disease 
over longer distances. Dropped leaves infected with C. buxicola can be possible inoculum reservoirs 
for medium to long-distance wind dispersal, while allowing the survival of the pahogen for several 
years, causing persistence/reemergence of the disease in nurseries, gardens and landscapes. Also 
human-mediated dispersal via pruning materials, workwear and footwear has been determined to be 
a possible pathway of spread 
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Consequently, cultural control measures should focus on prevention of water-mediated spread of 
conidia, rather than aerial spread of windborne conidia. To prevent spread under protected 
greenhouse conditions, drip irrigation would be the best method of irrigating, as it prevents splash 
dispersal of conidia, and reduces the leaf wetness period, needed for infection. However, changing 
the existing irrigation infrastructure to a drip irrigation system is not always feasible, and might only 
be applicable for larger container plants. When sprinkler irrigation is used, it might suffice to adapt 
the nozzles of the sprinklers to smaller droplet sizes (‘fog’ instead of ‘rain’), reducing the splashing 
potential. Moreover, leaking sprinklers should be avoided, as these create humid conditions often 
leading to outbreaks of boxwood blight. Under outdoor conditions, additional measures should be 
taken, to reduce the risk created by rain events to a strict minimum. Adequate soil drainage is crucial 
to both field and container production, to prevent the formation of water films. Open gutters could 
be covered to prevent splashing of conidia to non-diseased plants downstream of existing outbreaks. 
Tipped-over plants (e.g. caused by wind) during or shortly following intense rain events increase the 
risks of infection with C. buxicola, as they lack the vertical spatial barrier between the ground and the 
plant canopy. Consequently, these plants should be kept under strict surveillance, to prevent new 
outbreaks. Disposal of dropped leaves and pruning material from diseased plants might prove 
challenging (or impossible) at commercial nurseries, because of the large numbers of handled plants 
and intense level of automation, but it might be a valuable control measure in private gardens and 
public plantings. Obviously, adequate disposal of these leaves is crucial, leaving no chance for wind 
dispersal or reintroduction (e.g. via non-industrial composting of leaves).  
If boxwood blight symptoms are present, contact between clothes and diseased plants should be 
avoided, or reduced to a strict minimum. Pruning shears, footwear and working gloves should be 
disinfected between gardens or production fields, especially if the next garden or field is still 
pathogen-free. Strictly speaking, we only tested ‘brushing’ contact between diseased plants and 
rubber boots, but it cannot be excluded that C. buxicola can also be spread via diseased leaf debris 
adhering to the soles of footwear, as has been confirmed for other fungal pathogens (Cushman & 
Meentemeyer, 2008). Consequently, these soles should also be cleaned of debris and disinfected, if 
possible. Within a garden or production field, diseased plants should be pruned last, to prevent 
spread to non-infected plants. Although pruning wounds are not required for C. buxicola infections, 
they do appear to increase infection when inflicted by contaminated shears. To prevent spread via 
contaminated pruning shears, one could also alternate between pruning of boxwood and pruning of 
non-host plants, to remove the C. buxicola conidia. Moreover, it is advisable to prune plants in dry 
weather conditions. A small decrease in both conidia adhesion and plant-to-plant spread was 
observed under dry conditions. More importantly, however, is the fact that dispersed conidia might 
Chapter 10 
 
220 
 
not be able to infect plants in these dry conditions, as they will lack the leaf wetness period needed 
for infection.  
A high plant density creates a more humid microclimate, conducive for sporulation and infections, 
and allows for easy (short distance) plant-to-plant dispersal of conidia. Box blight disease pressure 
can be vastly reduced by increasing distances between plants. This is not always feasible due to the 
current intensive nursery practices: the available field area is often scarce, already limiting plant 
production. A more practical control measure could be the construction of blocks of boxwood plants, 
separated by alleys (about 50 cm) in the runoff direction of the field. This would prevent spread to 
adjacent blocks via water, while simultaneously allowing for better surveillance.  
Moreover, our data indicate that plants infected with C. buxicola do not stay asymptomatic for long 
periods of time. Under weather conditions conducive for disease expression, symptom development 
will shortly follow infection. Introduction of the disease could be prevented or minimized by placing 
incoming plant material under quarantine conditions, or at least intense surveillance. Plants should 
be screened on a daily basis for several weeks to detect possible lesion development in an early 
stage, preventing sporulation and subsequent disease dispersal. If no symptom development is 
observed following several periods of conducive weather conditions (temperatures ranging 18-24°C, 
rain events), plants are likely free of C. buxicola. Controlled incubation of incoming plant material 
following conditions of 24 h leaf wetness in an enclosed greenhouse could vastly shorten the needed 
period of quarantine, and expose possible latent infections before being brought into contact with 
non-infected plants. Still, at least 3-4 weeks of quarantine should be envisioned, to ensure infections 
do not stay hidden because of possible fungistatic effects of fungicide treatments. 
The possibility of animals as vectors for C. buxicola has not been tested in this research project. To 
test the possibility of insects as vector for C. buxicola conidia, one could sample insects in severely 
diseased boxwood plantings. Theoretically, those sampled insects could be tested for the presence of 
superficial C. buxicola conidia using a modification of the air sample processing protocol developed in 
Chapter 4. However, positive detection of C. buxicola on insects does not necessarily imply plant-to-
plant spread. Furthermore, we could also determine the adhesive capacity of conidia to bird 
feathers, and their potential of spreading the pathogen between plants, using the protocols used for 
quantifying human-mediated spread. These tests, however, would not take into account the 
behavior of living birds. Experiments under controlled conditions are needed to test whether  
animals are indeed vectors of the disease. This would imply either breeding insects, or using field 
birds, but neither option is without problems. Future experiments could produce interesting results, 
however, if those practical difficulties could be overcome.  
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10.6 Insights into host susceptibility 
In general, the susceptibility of a given cultivar under practical conditions can be estimated based on 
three general aspects: A) the host’s susceptibility to infection; B) the extent of lesion growth 
following infection, C) the host-specific sporulating potential of C. buxicola. Several physical 
attributes, like the  plant growth habit, the hydrophobicity of the leaves, the stomatal density and 
the minimum leaf wetness duration needed for infection due to possible differences in leaf 
morphology,  all affect one or more of those general aspects and consequently influence the final  
host susceptibility. Especially the difference in lesion growth seems to accounts for the observed 
difference in overall susceptiblity between species and cultivars. In general, the commercially 
important B. sempervirens was the most susceptible Buxus species under practical conditions, 
characterized by large, fast-growing lesions. The other species (i.e. B. microphylla, B. sinica, B. 
bodinieri, B. harlandii, B. balearica) all demonstrated slower growing lesions than B. sempervirens. In 
several of these non – B. sempervirens species, lesions eventually stopped growing. C. buxicola can 
sporulate less abundantly on small lesions, effectively hampering disease spread in these species and 
cultivars.  
In this dissertation, several experiments have been conducted investigating the susceptibility aspect 
described above, of which the outdoor experiments conducted in Chapter 6  most resembled the 
actual conditions on nurseries and private gardens. However, also these experiments had a 
drawback, in that an external inoculum source was needed to effectively start the disease 
development. This likely led to an overestimation of the field susceptibility of hosts on which C. 
buxicola poorly sporulates (see also Discussion and Conclusions, Chapter 6). For practical reasons, the 
possibility to make reliable predictions on disease development in situations where no large and 
continuous external inoculum source is present would be valuable. Imagine a production field or 
private garden with only one kind of Buxus species or cultivar. When disease symptoms are observed 
on one of the plants, one needs an answer on the following question: how aggressively will the 
disease spread throughout all of the plants in the field/garden?   
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To address this question for the different Buxus species and cultivars, we made predictions on the 
host-specific disease aggressiveness using a Weighted Scoring Method. Weighted scores were given 
to the general aspects of host susceptibility  (susceptibility to infection, lesion size under practical 
conditions, sporulating potential of C. buxicola) (Table 10.1), based on all the data and experience 
collected during this research. The host-specific disease aggressiveness was scored as the product of 
the weighted scores of the individual aspects (disease aggressiveness score = A * B * C). Using a 
product of scores rather than a sum hereby reflects the synergic effect of the different aspects. The 
results of the estimation are shown in Table 10.2.  
Table 10.1 Descriptions and weighed scores given to  the general aspects of host susceptibility (susceptibility to infection, 
lesion size, sporulating potential of C. buxicola), used for the prediction of disease aggressiveness in the different Buxus 
species and cultivars (Table 10.2). A color code was added for more clarity and visual interpretation.  
Susceptibility to infection  (A)   
Lesion size under practical 
conditions (B) 
  
Sporulating potential of C. 
buxicola per surface unit of leaf 
lesion (C) 
Description 
Weighted 
score 
  Description 
Weighted 
score 
  Description 
Weighted 
score 
Very high 4   Large 8   Very high 6 
High 3   Medium 4   High 3 
Medium 2   Small 2   Medium 2 
Low 1   Very small 1   Low 1 
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Description Score Description Score Description Score
B. sempervirens  'Memorial' Very high 4 Large 8 High 3 96
B. sempervirens  'Suffruticosa' Very high 4 Large 8 High 3 96
B. microphylla  'Morris Midget' Very high 4 Medium 4 Very high 6 96
B. sempervirens  'Blauer Heinz' High 3 Large 8 High 3 72
B. sempervirens  'Ingrid' High 3 Large 8 High 3 72
B. sempervirens Medium 2 Large 8 High 3 48
B. sempervirens 'Angustifolia' High 3 Large 8 Medium 2 48
B. sempervirens  'Latifolia Maculata' Medium 2 Large 8 High 3 48
B. sempervirens  'Newport Blue' Medium 2 Large 8 High 3 48
B. sempervirens  'Planifolia Haller' High 3 Large 8 Medium 2 48
B. sempervirens  'Varifolia' Medium 2 Large 8 High 3 48
B. sempervirens  'Dark Sky' Medium 2 Large 8 Medium 2 32
B. sempervirens  'Glauca' Medium 2 Large 8 Medium 2 32
B. sempervirens  'Justin Brouwers' Medium 2 Large 8 Medium 2 32
B. sempervirens  'Rotundifolia' Medium 2 Large 8 Medium 2 32
B. sempervirens  'Tall Boy' Medium 2 Large 8 Medium 2 32
B. sempervirens  'King Midas' High 3 Medium 4 Medium 2 24
B. ×  'Green Gem' Medium 2 Medium 4 Medium 2 16
B. x  'Green Mound' Medium 2 Medium 4 Medium 2 16
B. sempervirens  'Handsworthiensis' Medium 2 Large 8 Low 1 16
B. microphylla var. koreana High 3 Medium 4 Low 1 12
B. sempervirens  'Elegantissima' Medium 2 Medium 4 Low 1 8
B. microphylla  'Faulkner' Medium 2 Small 2 Medium 2 8
B. microphylla  'Rococo' Medium 2 Small 2 Medium 2 8
B. microphylla  'Sunnyside' Medium 2 Small 2 Medium 2 8
B. microphylla 'Henry Hohman' Low 1 Medium 4 Medium 2 8
B. microphylla 'John Baldwin' Low 1 Medium 4 Medium 2 8
B. balearica High 3 Small 2 Low 1 6
B. microphylla  'Golden Dream' Low 1 Medium 4 Low 1 4
B. bodinieri Low 1 Small 2 Low 1 2
B. microphylla  'National' Low 1 Small 2 Low 1 2
B. microphylla 'Trompenburg' Low 1 Very small 1 Medium 2 2
B. harlandii Low 1 Very small 1 Low 1 1
B. microphylla  'Belvédère' Low 1 Very small 1 Low 1 1
Disease 
aggressiveness 
score (A * B * C)
Buxus  species/cultivar
Susceptibility to infection  (A)
Lesion size under practical 
conditions (B)
Sporulating potential of C. 
buxicola 
Table 10.2. Estimation of host-specific disease aggressiveness (A * B * C), obtained by weighted scoring of general aspects of host-susceptibility (A, B and C). Buxus species and cultivars are 
ranked from highest to lowest  disease aggressiveness score.  The higher the disease aggressiveness score, the more aggressive disease will spread in the host.  
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Based on the microscopy studies of three representative Buxus species/cultivars (B. microphylla 
‘Trompenburg’, B. balearica, B. sempervirens ‘Suffruticosa’) (Chapter 7), a scenario for the different 
types of plant-pathogen interactions can be hypothesized, explaining the observed differences in 
host susceptibility under practical conditions (Chapter 6) and the observed segregation of resistance 
traits in hybrid populations (Chapter 8): 
Cell wall fortification might be the main response of Buxus spp. to infection with C. buxicola. Sealing 
the wall could impede leakage of cytoplasmic content, thereby reducing nutrient availability for the 
pathogen. If C. buxicola relies on hydrolysis of the plant cell wall for hyphal growth (i.e. necrotrophic 
lifestyle), the diffusion of toxins and enzymes from the pathogen to the sensitive plants cells would 
be retarded. In addition, the low molecular weight phenolic precursors of lignin and the free radicals 
produced during polymerization reactions in the cell wall may affect pathogen membrane plasticity 
or inactivate pathogen enzymes, toxins or elicitors (Hammond-Kosack & Jones, 1996). In any case, 
successful prevention of early cell death (e.g. as observed in B. microphylla ‘Trompenburg’ and B. 
balearica) could deprive the hyphae from the needed nutrients, explaining the arrested lesion 
growth observed under practical conditions and consequently, the low host susceptibility. Presuming 
a comparable inherent efficacy of the cell wall fortification in these cultivars, the final size of the 
(arrested) lesions might be influenced by the response time of the host (explaining the larger lesions 
of B. balearica versus B. microphylla ‘Trompenburg) and the growth speed of the pathogen 
(explaining the larger lesions under optimal versus suboptimal conditions).  
When cell death in an early stage cannot be prevented (e.g. in B. sempervirens ‘Suffruticosa’), the C. 
buxicola hyphae obtain the nutrients needed to continue colonization of the leaf material, creating 
large lesions (and abundant sporulation). It is unclear for now why B. sempervirens ‘Suffruticosa’ 
mesophyll cells undergo early cell death, while the ones of B. microphylla ‘Trompenburg’ and B. 
balearica do not. The fluorescence reactions in B. sempervirens ‘Suffruticosa’ were observed equally 
fast in B. microphylla ‘Trompenburg’ (12-24 hpi), and even faster than in B. balearica (24-48 hpi), so 
the response time seems not decisive in this matter. It is possible that, in comparison with more 
resistant cultivars, the biochemical structure of the cell walls in B. sempervirens ‘Suffruticosa’ 
mesophyll cells is more prone to cell-wall degrading enzymes or toxins produced by C. buxicola, or 
the induced cell wall fortification might be less effective. Several well-studied fungal pathogens, in 
particular Cochliobolus and Alternaria spp., produce host selective toxins (van Kan, 2006; Wolpert et 
al., 2002), that might possibly explain the observed differences in  the timing of  cell death. Also, it 
cannot be excluded that B. sempervirens ‘Suffruticosa’ responds to C. buxicola with a HR-like 
reaction,  or even that C. buxicola develops a more sophisticated relationship with B. sempervirens 
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‘Suffruticosa’, by co-opting the plant’s apoptotic pathways and forcing the host to a HR-like response. 
This mechanism is well documented in Botrytis cinerea (Govrin & Levine, 2000; van Kan, 2006).  
In the segregation experiments, a weak positive correlation between % diseased leaves and lesion 
size was demonstrated, indicating a complex genetic background with two resistance characteristics, 
of which the combined effect determines the final disease susceptibility. These observations can also 
be explained starting from the scenario hypothesized above: a central response mechanism (being 
cell wall fortification), of which the efficacy depends on two resistance characteristisch (being 1: cell 
wall fortification quality, and 2: response time).  
These insights can form a basis for further research to determine the underlying mechanisms of host 
susceptibility. Until we have more information on the biochemical changes in cell walls and 
cytoplasm, of which the deposition of phenolic compounds is only one aspect, we can only 
hypothesize on the exact mechanisms underlying these induced defense responses. Future 
cytological staining experiments could provide additional information about these specific changes. 
For instance, peroxidase-dependent cross-linking of cell wall polymers could be visualized with 
Coomassie blue, subsequent to protein denaturation and free protein removal (Mellersh et al., 
2002), while Safranin-O staining can visualize peroxidative incorporation of phenolic compounds in 
the cell wall, a fortification mechanism important during lignification (De Vleesschauwer, 2008). The 
deposit of lignin polymers could also by confirmed by phloroglucinol-hydrochloride staining 
(Hammond & Lewis, 1987). The presence of H2O2, an initiation agent for HR, could by visualized by 
staining with an aqueous solution of 3,3’-diaminobenzidine (DAB)-HCl, as DAB polymerizes in the 
presence of  H2O2 and endogenous peroxidase to form a brown-red precipitate (Barna et al., 2011; 
Basavaraju et al., 2009; Garre et al., 1998). Additional analysis of the induced defense mechanisms 
could comprise a combination of transcriptomic, proteomic and metabolomic analyses. In addition to 
these additional stainings and analyses, more Buxus cultivars should be tested, both susceptible and 
less susceptible, to better correlate microscopic observations with observed field susceptibility.  
10.7 Breeding for resistance to Cylindrocladium buxicola 
The future use of conventional chemical fungicides to control C. buxicola is in jeopardy, because of a 
general trend towards a receding number of available active ingredients, and a loss of social 
acceptance due to the potential impact of these chemicals on human health and environment. Also, 
cultural control measures of this pathogen are sometimes limited both in their applicability and 
effectiveness. Although Buxus species and cultivars with low susceptibility to C. buxicola are 
available, they often lack the morphological features desired by the consument to make them 
interesting for commercialization by production nurseries. Consequently, the most sustainable and 
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economically viable strategy for the control of C. buxicola in the future might be combining 
resistance features with desirable aesthetics via plant breeding.  
A widely used approach to improve species is the creation of introgression lines via introgressive 
hybridization (Rines et al., 2007; Schoenenberger et al., 2006; Wan et al., 2010), in which a 
(resistance) gene pool from a source of resistance is transferred into the gene pool of a desirable 
phenotype via interspecific hybridization, followed by repeated backcrossing with the desirable 
parent. This traditional breeding strategy might prove very challenging in case of multi-gene 
resistance, as the chance of obtaining a desired introgression line is much lower than in the case of 
single-gene resistance. Moreover, in the case of Buxus, most B. sempervirens cultivars are diploid, 
while most cultivars belonging to the B. microphylla genetic cluster are triploid or tetraploid (Van 
Laere et al., 2011). Consequently, a lot of interspecific hybridizations will results in triploid F1 
progeny, which might hinder backcrossing, as triploid plants are often sterile due to their highly 
aneuploid gametes. There are, however, some diploid sources with low host susceptibility under 
practical conditions that might be better suited for this approach (e.g. B. microphylla ‘Koreana’, B. 
microphylla ‘John Baldwin’, B. microphylla ‘Henry Hohman’, B. bodinieri). 
If introgressive hybridization is not possible, breeding efforts should focus on increasing the chance 
for successful hybrid progeny, following interspecific hybridization. Also, to confirm and study the 
genetic background of C. buxicola resistance in more detail, future research could use DNA markers 
to identify genomic regions linked to resistance or desired morphologic characteristics (‘quantitative 
trait loci’, QTL). The F1 progeny populations tested in Chapter 8 might be suitable as mapping 
populations for a future QTL analysis. In all of these populations, however, B. harlandii was used as a 
parent. Although this Buxus species is likely an excellent supplier of resistance, it might still not be 
the most suitable one to obtain interesting hybrid phenotypes, as it is also characterized by some 
undesired traits such as an extremely vigorous and open growth habit, and a somewhat low 
winterhardiness. It could be worthwile to create more crossing populations with different parental 
combinations for QTL analysis. The construction of a dense genetic map, on which resistance and 
morphology-related genes can be mapped, would be invaluable for future breeding efforts, allowing 
the selection of the most interesting parents for hybridization, and the most valuable hybrid 
phenotypes.  
10.8 The use of fungicides 
The use of resistant, commercializable cultivars (obtained via plant breeding), combined with the 
cultural control measures described above, has the potential of making fungicide applications 
unnecessary in the future. However, breeding for new cultivars, and subsequent propagation and 
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commercialization will take several years, even under the best possible conditions. Also, most 
existing Buxus plantings will not be simply replaced by new ones. Cultural control measures as such 
will partially interfere with the epidemiology of C. buxicola, but will be insuffient under very 
conducive conditions for C. buxicola dispersal and infection (intense rain events, long leaf wetness 
periods, suitable temperatures).  
For the time being and on remaining susceptible cultivars, severe outbreaks of C. buxicola can be 
prevented by fungicide applications prior to intense rain events. Theoretically, it should be possible 
to lower the number of treatments to a strict minimum, while still maintaining a similar (or better) 
level of protection, simply by well-considered timing of the applications. However, this requires 
monitoring of weather forecasts, and some experience in interpreting these forecasts correctly. The 
meteorological-epidemiological data collected during this research can form a basis for the 
development of a warning system, incorporating current and forecasted weather conditions to make 
local recommendations about guided fungicide applications. Combined with application of effective 
fungicides (Chapter 9), this would be a valuable tool for nurserymen and gardeners, and allow for a 
more sustainable control, in which the ecological impact and the risk of fungicide resistance 
development are minimized. Luckily, there is no indication yet of de novo development of fungicide 
resistance. 
The identification of a the second lineage might have a severe impact on the use of fungicides to 
control C. buxicola, as G2 isolates demonstrated reduced sensitivity to economically important 
fungicide groups. We advise testing the efficacy of current registered fungicides, and using both G1 
and G2 isolates in future efficacy experiments as part of fungicide registration processes. In this 
dissertation, we only tested the in vivo efficacy of fungicides using a G1 isolate for inoculation. We 
were able to select some promising candidate fungicides with good in vivo efficacies against the G1, 
and comparable efficacies against G1 and G2 isolates in vitro. However, we still consider it needed to 
test the efficacy of those fungices in vivo using a G2 isolate for inoculation. To test these candidate 
fungicides, in vivo fungicide efficacy experiments using both a G1 and  G2 isolate for inoculation will 
be conducted at PCS, during April and May 2014. 
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Table 1. Cylindrocladium buxicola isolates used in this study 
Isolate code Characterizationa Host Originb Year Collector/Referencec Lineaged (MG) 
CBS 114417 b,f B. sempervirens 'Suffruticosa' Belgium 2001 (Crepel & Inghelbrecht, 2003) G1 (MG6)  
CB002 a,b,c,d-j,k B. sempervirens Belgium 2008 ILVO / PCS G1 (MG1) 
CB003 
 
B. sempervirens Belgium 2008 ILVO / PCS G1 (MG1) 
CB004 
 
B. sempervirens Belgium 2008 ILVO / PCS G1 (MG2) 
CB005 a B. sempervirens 'Suffruticosa' Belgium 2009 ILVO / PCS G1 (MG1) 
CB006 
 
B. sempervirens 'Suffruticosa' Belgium 2009 ILVO / PCS G1 (MG1) 
CB007 
 
B. sempervirens Belgium 2009 ILVO / PCS G1 (MG3) 
CB008 
 
B. sempervirens Belgium (a) 2009 ILVO / PCS G1 (MG1) 
CB009 
 
B. sempervirens Belgium (a) 2009 ILVO / PCS G1 (MG1) 
CB010 a B. sempervirens Belgium (a) 2009 ILVO / PCS G1 (MG1) 
CB011 
 
B. sempervirens 'Hermans Low' Belgium (a) 2009 ILVO / PCS G1 (MG1) 
CB012 
 
B. sempervirens 'Tall boy' Belgium (a) 2009 ILVO / PCS G1 (MG1) 
CB013 
 
B. sempervirens 'Myrtifolia' Belgium (a) 2009 ILVO / PCS G1 (MG1) 
CB014 
 
B. sempervirens Belgium (a) 2009 ILVO / PCS G1 (MG1) 
CB021 
 
B. sempervirens 'Suffruticosa' Belgium (b) 2009 ILVO / PCS G1 (MG1) 
CB022 
 
B. sempervirens 'Suffruticosa' Belgium (b) 2009 ILVO / PCS G1 (MG1) 
CB023 
 
B. sempervirens 'Blauer Heinz' Belgium (b) 2009 ILVO / PCS G1 (MG1) 
CB024 
 
B. sempervirens 'Blauer Heinz' Belgium (c) 2009 ILVO / PCS G1 (MG1) 
CB025 
 
B. sempervirens 'Blauer Heinz' Belgium (c) 2009 ILVO / PCS G1 (MG1) 
CB026 
 
B. sempervirens 'Suffruticosa' Belgium (c) 2009 ILVO / PCS G1 (MG1) 
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CB027 a B. sempervirens 'Suffruticosa' Belgium 2009 ILVO / PCS G1 (MG1) 
CB028 
 
B. sempervirens 'Suffruticosa' Belgium 2009 ILVO / PCS G1 (MG1) 
CB029 f B. sempervirens 'Suffruticosa' Belgium 2009 ILVO / PCS G1 (MG3) 
CB030 
 
B. sempervirens Belgium (d) 2009 ILVO / PCS G1 (MG1) 
CB031 
 
B. sempervirens Belgium (d) 2009 ILVO / PCS G1 (MG2) 
CB032 a,g B. sempervirens 'Suffruticosa' Belgium (e) 2009 ILVO / PCS G1 (MG6) 
CB033 
 
B. sempervirens Belgium (f) 2009 ILVO / PCS G1 (MG2) 
CB034 
 
B. sempervirens 'Suffruticosa' Belgium (a) 2009 ILVO / PCS G1 (MG1) 
CB035 
 
B. sempervirens Belgium 2009 ILVO / PCS G1 (MG1) 
CB036 
 
B. sempervirens 'Marginata' Belgium (e) 2009 ILVO / PCS G1 (MG1) 
CB037 
 
B. sempervirens Belgium (f) 2009 ILVO / PCS G1 (MG3) 
CB038 
 
B. sempervirens Belgium 2009 ILVO / PCS G1 (MG1) 
CB040 
 
B. sempervirens Belgium 2009 ILVO / PCS G1 (MG1) 
CB041 a,b,c,d,f,h,i,j B. sempervirens Belgium 2009 ILVO / PCS G2 
CB042 a B. sempervirens 'Anderson' Belgium (g) 2009 ILVO / PCS G1 (MG1) 
CB043 
 
B. sempervirens 'Anderson' Belgium (g) 2009 ILVO / PCS G1 (MG1) 
CB044 
 
unknown B. sempervirens cv. Belgium (e) 2009 ILVO / PCS G1 (MG1) 
CB045 a,b,c,f,h,j B. sempervirens Belgium (c) 2009 ILVO / PCS G2 
CB046 
 
B. sempervirens 'Suffruticosa' Belgium 2009 ILVO / PCS G1 (MG1) 
CB047 a unknown B. sempervirens cv. Belgium 2009 ILVO / PCS G1 (MG3) 
CB048 a B. sempervirens Belgium (h) 2009 ILVO / PCS G1 (MG1) 
CB049 a B. sempervirens Belgium (h) 2009 ILVO / PCS G1 (MG1) 
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CB050 a B. sempervirens Belgium (h) 2009 ILVO / PCS G1 (MG1) 
CB051 a,b, k wild B. sempervirens Belgium (i) 2010 ILVO / PCS G1 (MG5) 
CB052 a wild B. sempervirens Belgium (i) 2010 ILVO / PCS G1 (MG5) 
CB053 a wild B. sempervirens Belgium (i) 2010 ILVO / PCS G1 (MG5) 
CB054 a wild B. sempervirens Belgium (i) 2010 ILVO / PCS  G1 (MG12) 
CB055 
 
wild B. sempervirens Belgium (i) 2010 ILVO / PCS G1 (MG5) 
CB056 a wild B. sempervirens Belgium (i) 2010 ILVO / PCS G1 (MG5) 
CB057 a B. sempervirens 'Suffruticosa' Belgium 2010 ILVO / PCS G1 (MG1) 
CB058 a B. sempervirens Belgium 2010 ILVO / PCS G1 (MG1) 
CB059 a unknown B. sempervirens cv. Belgium 2010 ILVO / PCS G1 (MG1) 
CB060 
 
B. sempervirens Belgium 2010 ILVO / PCS G1 (MG3) 
CB061 a B. sempervirens 'Suffruticosa' Belgium (j) 2010 ILVO / PCS G1 (MG1) 
CB062 
 
B. sempervirens Belgium (j) 2010 ILVO / PCS G1 (MG1) 
CB064 a B. sempervirens Belgium 2010 ILVO / PCS G1 (MG2) 
CB065 a wild B. sempervirens  Belgium 2010 ILVO / PCS G1 (MG5) 
CB066 a wild B. sempervirens Belgium 2010 ILVO / PCS G1 (MG5) 
CB067 a B. sempervirens Belgium 2010 ILVO / PCS G1 (MG1) 
CB068 a B. sempervirens Belgium 2010 ILVO / PCS G1 (MG1) 
CB069 a B. sempervirens Belgium 2010 ILVO / PCS G1 (MG1) 
CB070 
 
B. sempervirens Belgium 2010 ILVO / PCS G1 (MG1) 
CB071 a B. sempervirens Belgium 2010 ILVO / PCS G1 (MG1) 
CB072 a unknown B. sempervirens cv. Belgium 2010 ILVO / PCS  G1 (MG13) 
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CB073 
 
unknown B. sempervirens cv. Belgium 2010 ILVO / PCS G1 (MG1) 
CB074 
 
unknown B. sempervirens cv. Belgium 2010 ILVO / PCS G1 (MG1) 
CB075 a B. sempervirens Belgium 2010 ILVO / PCS G1 (MG1) 
CB076 
 
B. sempervirens Belgium 2010 ILVO / PCS G1 (MG3) 
CB077 d,e B. sempervirens Belgium (c) 2010 ILVO / PCS G2 
CB078 
 
B. sempervirens Belgium 2011 ILVO / PCS G1 (MG2) 
CB079 
 
B. sempervirens Belgium 2011 ILVO / PCS G1 (MG1) 
CB080 
 
B. sempervirens 'Suffruticosa' Belgium 2011 ILVO / PCS G1 (MG1) 
CB081 
 
unknown B. sempervirens cv. Belgium 2011 ILVO / PCS G1 (MG2) 
CB082 
 
B. sempervirens Belgium 2011 ILVO / PCS G2 
CB083 
 
unknown B. sempervirens cv. Belgium 2011 ILVO / PCS G1 (MG1) 
CB084 
 
B. sempervirens Belgium 2011 ILVO / PCS G2 
CB085 
 
B. sempervirens Belgium (k) 2011 ILVO / PCS G1 (MG1) 
CB086 
 
B. sempervirens Belgium (k) 2011 ILVO / PCS  G1 (-) 
CB088 
 
B. sempervirens Belgium 2011 ILVO / PCS G1 (MG1) 
CB089 
 
B. sempervirens Belgium 2011 ILVO / PCS G1 (MG1) 
CB090 
 
B. sempervirens 'Rotundifolia' Belgium 2011 ILVO / PCS  G1 (-) 
CB091 
 
B. sempervirens Belgium 2011 ILVO / PCS  G1 (-) 
CB092 k B. sempervirens Belgium (l) 2011 ILVO / PCS G1 (MG2) 
CB093 
 
B. sempervirens Belgium (l) 2011 ILVO / PCS G1 (MG2) 
CB094 
 
B. sempervirens Belgium (l) 2011 ILVO / PCS  G1 (-) 
CB095 
 
B. sempervirens Belgium 2011 ILVO / PCS G1 (MG1) 
Appendix 1 
235 
 
CB096 k B. sempervirens Belgium (c) 2011 ILVO / PCS G1 (MG14) 
CB097 
 
B. sempervirens Belgium (c) 2011 ILVO / PCS G1 (MG1) 
CB098 b B. sempervirens Belgium (c) 2011 ILVO / PCS G2 
CB099 
 
B. sempervirens Belgium (c) 2011 ILVO / PCS G1 (MG1) 
CB100 
 
B. sempervirens Belgium (a) 2011 ILVO / PCS G1 (-) 
CB101 
 
B. sempervirens Belgium 2012 ILVO / PCS G2 
CB102 k B. sempervirens Belgium 2012 ILVO / PCS G1 (MG8) 
CB103 
 
B. sempervirens Belgium (m) 2012 ILVO / PCS G1 (MG1) 
CB104 
 
B. sempervirens Belgium 2012 ILVO / PCS G1 (MG1) 
CB105 
 
B. sempervirens Belgium (m) 2012 ILVO / PCS G1 (MG1) 
CB106 
 
B. sempervirens Belgium 2012 ILVO / PCS G1 (MG2) 
CB107 
 
B. sempervirens 'Suffruticosa' Belgium (n) 2012 ILVO / PCS G1 (MG3) 
CB108 
 
B. sempervirens Belgium (n) 2012 ILVO / PCS G1 (MG1) 
CB109 
 
B. sempervirens Belgium 2012 ILVO / PCS G1 (MG1)  
CB110 
 
B. sempervirens ‘Blauer Heinz’ Belgium (cc) 2013 
 
G2 
CB111 
 
B. sempervirens ‘Blauer Heinz’ Belgium (cc) 2013 
 
G2 
CB112 
 
B. sempervirens ‘Rotundifolia’ Belgium 2013 
 
G1 (MG1) 
CB113 
 
B.microphylla ‘Faulkner’ Belgium 2013 
 
G1 (MG1) 
CB114 
 
B. sempervirens  Belgium 2013 
 
G1 (MG1) 
CA001 b Buxus sp. Canada 2012 UG  G1 (-)  
CB-KR001 a,b,d,e,i,j,k Buxus sp. Croatia 2009 (Cech et al., 2010) G1 (MG11) 
06-1438 a,j,k B. sempervirens France 2006 (Saurat et al., 2012) G1 (MG7) 
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09-1762 g B. sempervirens France 2009 ANSES G1 (MG1) 
79533 b,i Buxus sp. France 2010 ANSES G1 (MG1) 
JKI 10/07-1 a,c,g Buxus sp. Germany 2005 JKI G2 
JKI 49/05 a,b,c,d,f,i,j,k Buxus sp. Germany 2005 JKI G1 (MG1) 
JKI 2099 a Buxus sp. Germany 2007 JKI G1 (MG1) 
JKI 2100 a Buxus sp. Germany 2007 JKI G2 
JKI 2106 a,b,c,d,f,i,j Buxus sp. Germany 2007 JKI G2 
JKI 5/07 a Buxus sp. Germany 2007 JKI G1 (MG1) 
JKI 30/09 a Buxus sp. Germany 2009 JKI G2 
DE015 a,e Buxus sp. Germany 2010 ILVO / PCS G1 (MG1) 
P-10-5773 a Buxus sp. Germany 2010 LWK-NRW G1 (MG1) 
P-10-5782 a,e Buxus sp. Germany 2010 LWK-NRW G2 
P-10-5795 a Buxus sp. Germany 2010 LWK-NRW  G1 (MG3) 
P-10-5843 
 
Buxus sp. Germany 2010 LWK-NRW G2 
P-10-5865 a,e,k Buxus sp. Germany 2010 LWK-NRW G2 
P-10-5866 j Buxus sp. Germany 2010 LWK-NRW G2 
P-10-5829 a,b Buxus sp. Germany 2010 LWK-NRW G2 
DE017 b,i wild B. sempervirens Germany 2011 WSL G2 
P-11-2349 k Buxus sp. Germany 2011 LWK-NRW G2 
FW3487 a,b,k B. sempervirens 'Suffruticosa' Italy 2008 (Saracchi et al., 2008) G1 (MG3) 
FS 384 
 
Buxus sp. New Zealand 1998 (Henricot & Culham, 2002)  G1 (MG1) 
STE-U 3613 a B. sempervirens New Zealand 2001 (Crous, 2002)  G1 (MG1) 
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STE-U 3399 b,g,k B. sempervirens New Zealand 2002 (Crous, 2002) G1 (MG1) 
GE001 
 
wild B. sempervirens Rep. of Georgia 2012 VIZR G1 (MG1) 
08-442 k B. sempervirens Slovenia 2008 KIS G1 (MG1) 
11-052 
 
B. sempervirens Slovenia 2011 KIS G1 (MG1) 
11-307-9 
 
B. sempervirens Slovenia 2011 KIS G1 (MG1) 
11-353-4 b B. sempervirens Slovenia 2011 KIS G2 
11-367-7 
 
B. sempervirens Slovenia 2011 KIS G1 (MG2) 
11-416-11 b,k B. sempervirens Slovenia 2011 KIS G1 (MG2) 
11-526 b B. sempervirens Slovenia 2011 KIS G2 
ES001 a,b,j,k Buxus sp. Spain 2010 IAM G1 (MG1) 
Bdv B/52-3878 a,b Buxus sp. Switzerland (o) 2009 (Vincent, 2008) G1 (MG3) 
Bdv B/52-3905 a Buxus sp. Switzerland (o) 2009 (Vincent, 2008) G1 (MG3) 
41665 a,b,c Buxus sp. the Netherlands 2005 PPO G1 (MG3) 
A a Buxus sp. the Netherlands 2005 PPO G1 (MG1) 
D a Buxus sp. the Netherlands 2005 PPO G1 (MG1) 
DLV a Buxus sp. the Netherlands 2005 PPO G1 (MG2) 
H a Buxus sp. the Netherlands 2005 PPO G1 (MG1) 
I 
 
Buxus sp. the Netherlands 2005 PPO G1 (MG7) 
PD 05/02553081 a,c,e Buxus sp. the Netherlands 2005 PPS G2 
PD unknown code a,b,j,k Buxus sp. the Netherlands 2005 PPO G2 
CB015 
 
B. sempervirens the Netherlands (p) 2009 ILVO / PCS G1 (MG1) 
CB016 
 
B. sempervirens the Netherlands (p) 2009 ILVO / PCS G1 (MG1) 
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CB017 
 
B. sempervirens the Netherlands (p) 2009 ILVO / PCS G1 (MG1) 
CB018 a,b,c,h B. sempervirens the Netherlands (p) 2009 ILVO / PCS G1 (MG1) 
CB019 
 
B. sempervirens the Netherlands (p) 2009 ILVO / PCS G1 (MG1) 
CB020 
 
B. sempervirens the Netherlands (p) 2009 ILVO / PCS G1 (MG1) 
CB039 
 
B. microphylla 'Faulkner' the Netherlands (p) 2009 ILVO / PCS G1 (MG1) 
NL009 b,d,i,j B. sempervirens the Netherlands (q) 2011 ILVO / PCS G2 
NL010 
 
B. sempervirens the Netherlands (q) 2011 ILVO / PCS G1 (MG3) 
NL011 
 
B. sempervirens the Netherlands 2011 ILVO / PCS G1 (MG2) 
NL012 
 
B. sempervirens the Netherlands 2011 ILVO / PCS  G1 (-) 
NL013 
 
B. sempervirens the Netherlands 2011 ILVO / PCS G1 (MG2) 
NL014 
 
B. sempervirens the Netherlands 2011 ILVO / PCS G1 (MG2) 
NL015 
 
B. sempervirens the Netherlands (q) 2011 ILVO / PCS G1 (MG3) 
NL016 
 
B. sempervirens the Netherlands (q) 2011 ILVO / PCS G2 
NL017 k B. sempervirens the Netherlands (q) 2011 ILVO / PCS G2 
NL018 
 
B. sempervirens the Netherlands (q) 2011 ILVO / PCS G2 
NL019 
 
B. sempervirens the Netherlands (q) 2011 ILVO / PCS G2 
NL020 
 
B. sempervirens the Netherlands 2011 ILVO / PCS G2 
NL021 
 
unknown B. sempervirens cv. the Netherlands 2011 ILVO / PCS G1 (MG1) 
PD 011/04744201 
 
Buxus sp. the Netherlands 2011 PPS G2 
PD 011/05318376 
 
Buxus sp. the Netherlands 2011 PPS G1 (MG1) 
PD 011/05461949 k Buxus sp. the Netherlands 2011 PPS G1 (MG1) 
TU001 
 
wild B. sempervirens Turkey (r) 2012 SDU G1 (MG3) 
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TU002 
 
wild B. sempervirens Turkey (r) 2012 SDU G1 (MG3) 
TU003 
 
wild B. sempervirens Turkey (r) 2012 SDU G1 (MG3) 
TU004 
 
wild B. sempervirens Turkey (r) 2012 SDU G1 (MG3) 
TU005 
 
wild B. sempervirens Turkey (r) 2012 SDU G1 (MG3) 
TU006 
 
wild B. sempervirens Turkey (r) 2012 SDU G1 (MG3) 
TU007 
 
wild B. sempervirens Turkey (s) 2012 SDU G1 (MG4) 
TU008 
 
wild B. sempervirens Turkey (s) 2012 SDU G1 (MG4) 
TU009 
 
wild B. sempervirens Turkey (s) 2012 SDU G1 (MG4) 
TU010 k wild B. sempervirens Turkey (s) 2012 SDU G1 (MG4) 
RHS 10082 a B. sempervirens 'Suffruticosa' United Kingdom 1999 (Henricot & Culham, 2002) G1 (MG1) 
RHS 10183 a B. sempervirens 'Suffruticosa' United Kingdom 1999 (Henricot & Culham, 2002) G1 (MG1) 
RHS 10428 a Buxus sp. United Kingdom 1999 (Henricot & Culham, 2002) G1 (MG1) 
RHS 10868 a B. sempervirens 'Suffruticosa' United Kingdom 1999 (Henricot & Culham, 2002) G1 (MG1) 
RHS 9934 a B. sempervirens 'Suffruticosa' United Kingdom 1999 
(Henricot et al., 2008; Henricot 
& Culham, 2002) 
G1 (MG1) 
RHS 9961 a B. sempervirens 'Suffruticosa' United Kingdom 1999 
(Henricot et al., 2008; Henricot 
& Culham, 2002) 
G1 (MG1) 
RHS 1064 a B. sempervirens 'Suffruticosa' United Kingdom 2000 (Henricot & Culham, 2002) G1 (MG1) 
RHS 1180 k wild B. sempervirens United Kingdom 2000 
(Henricot et al., 2008; Henricot 
& Culham, 2002) 
G1 (MG1) 
RHS 1995 a B. sempervirens 'Suffruticosa' United Kingdom 2000 (Henricot & Culham, 2002) G1 (MG1) 
RHS 2426 a Buxus sp. United Kingdom 2000 (Henricot et al., 2008; Henricot G1 (MG1) 
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& Culham, 2002) 
RHS 2517 a Buxus sp. United Kingdom 2000 (Henricot & Culham, 2002) G1 (MG1) 
RHS 47 a B. sempervirens 'Suffruticosa' United Kingdom 2000 
(Henricot et al., 2008; Henricot 
& Culham, 2002) 
G1 (MG1) 
RHS 615 
 
B. sempervirens 'Suffruticosa' United Kingdom 2000 (Henricot & Culham, 2002) G1 (MG1) 
RHS 634 a B. sempervirens 'Justin Brouwers' United Kingdom 2000 (Henricot & Culham, 2002) G1 (MG1) 
RHS 729 
 
B. sempervirens 'Suffruticosa' United Kingdom 2000 (Henricot & Culham, 2002) G1 (MG1) 
RHS 732 a B. sempervirens 'Suffruticosa' United Kingdom 2000 (Henricot & Culham, 2002) G1 (MG1) 
RHS PT25 b,c,d,j,k Buxus sp. United Kingdom 2006 (Henricot et al., 2008) G1 (MG10) 
RHS 21350 a Buxus sp. United Kingdom 2007 RHS G1 (MG1) 
RHS 22591 
 
Buxus sp. United Kingdom 2007 RHS  G1 (-) 
RHS 23094 a Buxus sp. United Kingdom 2007 RHS G1 (MG2) 
RHS 28954 a Buxus sp. United Kingdom 2007 RHS G1 (MG3) 
RHS 29562 a Buxus sp. United Kingdom 2007 RHS G1 (MG1) 
RHS 30030 a Buxus sp. United Kingdom 2007 RHS G1 (MG2) 
RHS 30135 a Buxus sp. United Kingdom 2007 (Henricot et al., 2008) G1 (MG1) 
RHS 30414 
 
Buxus sp. United Kingdom 2007 RHS G1 (MG1) 
RHS 30920 a Buxus sp. United Kingdom 2007 (Henricot et al., 2008) G1 (MG2) 
RHS 43773 e Buxus sp. United Kingdom 2008 RHS G1 (MG1) 
RHS 56150 a Buxus sp. United Kingdom 2008 RHS G1 (MG3) 
UK029 a Buxus sp. United Kingdom (t) 2009 ILVO / PCS G1 (MG3) 
UK030 a Buxus sp. United Kingdom (t) 2009 ILVO / PCS G1 (MG3) 
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UK031 a Buxus sp. United Kingdom (t) 2009 ILVO / PCS G1 (MG3) 
RHS 186851 a Buxus sp. United Kingdom 2010 RHS G1 (MG1) 
RHS 188122 
 
Buxus sp. United Kingdom 2011 RHS G1 (MG1) 
RHS 189142 
 
Buxus sp. United Kingdom 2011 RHS G1 (MG1) 
RHS 189261 
 
Buxus sp. United Kingdom 2011 RHS G1 (MG1) 
RHS 189628 b Buxus sp. United Kingdom 2011 RHS G2 
RHS 189800 
 
Buxus sp. United Kingdom 2011 RHS G1 (MG3) 
RHS 190941 
 
Buxus sp. United Kingdom 2011 RHS G1 (MG1) 
RHS 190943 
 
Buxus sp. United Kingdom 2011 RHS G1 (MG2) 
RHS 190965 k Buxus sp. United Kingdom 2011 RHS G1 (MG8) 
RHS 191007 k Buxus sp. United Kingdom 2011 RHS G1 (MG3) 
RHS 192076 
 
Buxus sp. United Kingdom 2012 RHS G2 
RHS 192176 
 
Buxus sp. United Kingdom 2012 RHS G1 (MG2) 
RHS 192386 
 
Buxus sp. United Kingdom 2012 RHS G1 (MG1) 
RHS 193201 
 
Buxus sp. United Kingdom (u) 2012 RHS G2 
RHS 193201.1 
 
Buxus sp. United Kingdom (u) 2012 RHS G2 
RHS 193201.2 b,k Buxus sp. United Kingdom (u) 2012 RHS G1 (MG1) 
RHS 193201.3 
 
Buxus sp. United Kingdom (u) 2012 RHS G1 (MG2) 
RHS 193438 
 
Buxus sp. United Kingdom 2012 RHS G1 (MG2) 
RHS 193560 
 
Buxus sp. United Kingdom (v) 2012 RHS G1 (MG9) 
RHS 193560.2 
 
Buxus sp. United Kingdom (v) 2012 RHS G1 (MG9) 
RHS 196840 b,f,k Buxus sp. United Kingdom 2012 RHS G2 
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BB12 k Buxus sp. United States, NC (w) 2012 NCSU G1 (MG2) 
BB13 
 
Buxus sp. United States, NC (w) 2012 NCSU G1 (MG2) 
US003 
 
Buxus sp. United States, NC (w) 2012 NCSU G1 (MG2) 
US004 
 
Buxus sp.  United States, VA 2012 VDACS G1 (MG2) 
US005 
 
Buxus sp.  United States, VA 2012 VDACS G1 (MG2) 
US006 
 
Buxus sp.  United States, VA 2012 VDACS G1 (MG2) 
CpsCT1 
 
Buxus sp. United States, CT 2011 CAES G1 (MG2) 
CpsCT2 
 
Buxus sp. United States, CT 2011 CAES  G1 (MG2) 
CpsCT3 
 
Buxus sp. United States, CT 2011 CAES G1 (MG2) 
CpsCT4 
 
Buxus sp.  United States, CT 2011 CAES G1 (MG2) 
CpsCT5 
 
Buxus sp.  United States, CT 2011 CAES G1 (MG2) 
CpsCT6 
 
Buxus sp.  United States, CT 2011 CAES G1 (MG2) 
CpsCT7 
 
Buxus sp. United States, CT 2011 CAES  G1 (MG2) 
CpsCT8 
 
Buxus sp. United States, CT 2011 CAES G1 (MG2) 
CpsCT9 
 
Buxus sp.  United States, CT 2011 CAES G1 (MG2) 
CpsCT10 
 
Buxus sp.  United States, CT 2011 CAES G1 (MG2) 
CpsCT11 
 
Buxus sp.  United States, CT 2011 CAES G1 (MG2) 
CpsCT12 
 
Buxus sp.  United States, CT 2011 CAES G1 (MG2) 
CpsCT13 
 
Buxus sp.  United States, CT 2011 CAES G1 (MG2) 
CpsCT14 
 
Buxus sp. United States, CT 2011 CAES G1 (MG2) 
CpsCT15 
 
Buxus sp. United States, CT 2011 CAES G1 (MG2) 
CpsCT16 
 
Buxus sp. United States, CT 2011 CAES G1 (MG2) 
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CpsCTP1 
 
Pachysandra sp. United States, CT 2011 CAES  G1 (MG2) 
CpsL1 
 
Buxus sp.  United States, CT 2011 CAES G1 (MG2) 
CpsL2 
 
Buxus sp.  United States, CT 2011 CAES G1 (MG2) 
CpsS1 
 
Buxus sp.  United States, CT 2011 CAES G1 (MG2) 
CpsS2 
 
Buxus sp. United States, CT 2011 CAES G1 (MG2) 
OH201200070 
 
Buxus sp. United States, OH 2011 CAES G1 (MG2) 
NCBB1 
 
Buxus sp. United States, NC 2011 CAES G1 (MG2) 
ODA-HN1 
 
Buxus sp. United States, OR 2011 CAES G1 (MG1) 
ODA#1 
 
Buxus sp.  United States, OR 2011 CAES G1 (MG1) 
13.DE.01b.1 
 
Buxus sp.  United States, DE (x) 2013 CAES G1 (MG2) 
13.DE.01b.2 
 
Buxus sp.  United States, DE (x) 2013 CAES G1 (MG2) 
13.DE.01bc.2 
 
Buxus sp. United States, DE (x) 2013 CAES  G1 (MG2) 
MDSH1.1b 
 
Buxus sp. United States, MD (y) 2013 CAES G1 (MG2) 
MDSH1.1t 
 
Buxus sp. United States, MD (y) 2013 CAES G1 (MG2) 
MDSH3.1b 
 
Buxus sp.  United States, MD (z) 2013 CAES G1 (MG2) 
MDSH3.1t 
 
Buxus sp. United States, MD (z) 2013 CAES G1 (MG2) 
MDSH5.4 
 
Buxus sp. United States, MD 2013 CAES  G1 (MG2) 
MDSH6.4 
 
Buxus sp. United States, MD (aa) 2013 CAES G1 (MG2) 
MDSH6.5 
 
Buxus sp.  United States, MD (aa) 2013 CAES G1 (MG2) 
MDSH6.6 
 
Buxus sp.  United States, MD (aa) 2013 CAES G1 (MG2) 
MDSH7.4 
 
Buxus sp. United States, MD (bb) 2013 CAES G1 (MG2) 
MDSH7.7 
 
Buxus sp. United States, MD (bb) 2013 CAES  G1 (MG2) 
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MDSH9.2 
 
Buxus sp.  United States, MD 2013 CAES G1 (MG2) 
NJ1.2 
 
Buxus sp. United States, NJ 2013 CAES G1 (MG2) 
NJ1.6 
 
Buxus sp. United States, NJ 2013 CAES G1 (MG2) 
NY-213 
 
Buxus sp. United States, NY 2013 CAES G1 (MG2) 
NY-275 
 
Buxus sp.  United States, NY 2013 CAES G1 (MG1) 
NY-194 
 
Buxus sp. United States, NY 2013 CAES G1 (MG2) 
MM2013 cal TB1 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TB2 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TB3 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TB4 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TB5 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA1 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA2 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA3 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA4 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA5 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA6 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA7 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA8 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA9 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA10 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA11 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
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MM2013 cal TA12 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA13 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
MM2013 cal TA14 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
91.9.6A 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
91.9.6B 
 
Wild B. semp. subsp. hyrcana Iran 2013 IRIPP G1 (MG4) 
       a All isolates were used for lineage determination. Isolates marked with specific letters were also used in the following parts of this research. 
 a: AFLP analysis 
 b: multilocus sequencing 
 c: PCR-RFLP validation 
 d: morphological characterization 
 e: temperature-dependent in vitro linear growth rate 
 f: temperature-dependent in vitro sporulation 
 g: pathogenicity assay 
 h: in vitro fungicide susceptibility 
 i: in vivo fungicide susceptibility 
 j: mating experiments 
 k: screening for polymorphic SSR markers  
b Isolates originating from the same site (nursery, private garden or wild boxwood population) are marked with the same letter. 
c Isolates/plant samples were collected by the following institutes: 
 ILVO: Institute for Agricultural and Fisheries Research, Merelbeke, Belgium (B. Gehesquière, K. Heungens) 
 PCS: Research Centre for Ornamental Plants, Destelbergen, Belgium (B. Gehesquière, F. Rys) 
 ANSES: French Agency for Food, Environmental and Occupational Health & Safety, France (C. Saurat) 
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 CAES: The Connecticut Agricultural Experiment Stations (S.M. Douglas)  
 IAM: Instituto Agroforestal Mediterraneo, Spain (A. Pérez Sierra) 
 IRIPP: Iranian Research Institute of Plant Protection, Tehran, Iran (M. Mirabolfathy) 
 JKI: Julius Kühn-Institute, Braunschweig, Germany (S. Werres, U. Brielmaier-Liebetanz) 
 KIS: Agricultural Institute of Slovenia, Ljubeljana, Slovenia (M. Zerjav) 
 LWK-NRW: Landwirtschaftskammer Nordrhein-Westfalen, Bonn-Roleber, Germany (M. Heupel) 
 NCSU: North Carolina State University, Raleigh, NC, United States (K. Ivors, M. Ganci) 
 PPS: Plant Protection Service, Wageningen, the Netherlands (K. Rosendahl-Peeters) 
 PPO: Applied Plant Research, Wageningen UR, Lisse, the Netherlands (A. Van Kuik, T. Hollinger) 
 RHS: Royal Horticultural Society, London, United Kingdom (B. Henricot) 
 SDU: Suleyman Demir University, Faculty of Forestry, Isparta, Turkey (H.T. Dogmus) 
 UG: University of Guelph, Ontario, Canada (T. Hsiang) 
 VDACS: Virginia Department of Agriculture and Consumer Science (D. Norman) 
 VIZR: All-Russian Institute of Plant Protection, Laboratory of Mycology and Phytopathology, Saint-Petersburg, Russia (P. Gannibal) 
 WSL: Swiss Federal Institute for Forest, Snow and Landscape Research, Forest Pathology, Switzerland (R. Engesser) 
d Lineage determination based on TUB-RFLP assay (G1-G2), multilocus genotype of G1 lineage isolates based on SSR markers (MG 1-14)
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Table 1 Percentages of diseased leaves  (±stdev, n=2) for 33 Buxus cultivars during different dates of evaluation (0-69 days post inoculation) of host susceptibility experiment 1A. Data is ranked 
from highest to lowest % diseased leaves  at the evaluation point with highest overall disease pressure (69 days post inoculation). B. semp. = B. sempervirens, B. micr. = B. microphylla. 
Buxus cultivar 0 6 13 20 27 34 41 48 60 69 
B. micr. 'Morris Midget' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 2.1 ± 0.2% 1.8 ± 0.0% 0.5 ± 0.1% 4.0 ± 1.0% 2.7 ± 1.4% 49.8 ± 7.4% 97.8 ± 3.1% 
B. semp. 'Memorial' 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.1% 0.7 ± 0.7% 1.1 ± 0.9% 0.7 ± 0.7% 2.6 ± 0.4% 2.9 ± 1.3% 4.7 ± 2.5% 56.8 ± 29.8% 
B. semp. 'Suffruticosa' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.9 ± 0.6% 1.0 ± 1.0% 0.2 ± 0.0% 1.9 ± 1.9% 2.2 ± 1.8% 9.0 ± 4.5% 40.0 ± 11.0% 
B. semp. 'Blauer Heinz' 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.1% 0.2 ± 0.2% 0.2 ± 0.3% 0.1 ± 0.1% 1.2 ± 0.5% 1.0 ± 0.7% 3.7 ± 1.6% 35.0 ± 14.9% 
B. semp. 'King Midas' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.0% 0.0 ± 0.0% 0.7 ± 0.1% 0.7 ± 0.2% 4.9 ± 0.2% 28.1 ± 6.7% 
B. balearica 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.2 ± 0.3% 0.3 ± 0.4% 0.2 ± 0.3% 0.5 ± 0.6% 1.3 ± 0.4% 4.2 ± 1.7% 12.7 ± 2.5% 
B. semp. 'Ingrid' 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.1% 0.3 ± 0.1% 0.3 ± 0.2% 0.2 ± 0.2% 0.3 ± 0.0% 0.3 ± 0.2% 1.5 ± 0.3% 6.8 ± 1.8% 
B. micr. 'Koreana' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.3 ± 0.4% 0.1 ± 0.1% 0.2 ± 0.2% 1.0 ± 0.8% 0.5 ± 0.3% 8.0 ± 3.1% 6.4 ± 2.5% 
B. semp. 'Planifolia Haller' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.2 ± 0.2% 0.2 ± 0.2% 2.3 ± 0.1% 6.1 ± 2.7% 
B. semp. 'Tall Boy' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.3 ± 0.0% 0.3 ± 0.1% 0.2 ± 0.1% 0.8 ± 0.3% 1.1 ± 0.4% 2.1 ± 0.4% 5.6 ± 1.6% 
B. semp. 'Angustifolia' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.2 ± 0.3% 0.2 ± 0.0% 0.3 ± 0.2% 0.5 ± 0.7% 0.8 ± 1.2% 2.4 ± 1.2% 4.5 ± 0.2% 
B. semp. 'Dark Sky' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.9 ± 0.6% 4.0 ± 1.6% 
B. bodinieri 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.3 ± 0.1% 0.4 ± 0.0% 0.4 ± 0.1% 0.5 ± 0.2% 0.5 ± 0.6% 1.7 ± 1.2% 3.8 ± 2.6% 
B. semp. 'Latifolia Maculata' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.2 ± 0.2% 0.2 ± 0.2% 0.1 ± 0.0% 0.4 ± 0.4% 0.8 ± 0.6% 2.0 ± 0.2% 3.8 ± 0.3% 
B. micr. 'Henry Hohman' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.1% 0.0 ± 0.0% 1.8 ± 0.3% 3.5 ± 1.6% 
B. 'Green Gem' 0.0 ± 0.0% 0.0 ± 0.0% 0.2 ± 0.2% 0.3 ± 0.3% 0.6 ± 0.6% 0.3 ± 0.3% 0.4 ± 0.3% 0.2 ± 0.2% 1.2 ± 1.1% 3.2 ± 2.2% 
B. semp. 'Varifolia' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.1% 0.1 ± 0.0% 0.2 ± 0.1% 0.1 ± 0.1% 1.1 ± 0.1% 3.0 ± 1.3% 
B. micr. 'Rococo' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.2% 0.1 ± 0.2% 0.0 ± 0.0% 0.2 ± 0.1% 0.1 ± 0.1% 0.6 ± 0.2% 2.9 ± 1.2% 
B. semp. 'Elegantissima' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.1% 0.0 ± 0.0% 0.2 ± 0.3% 0.2 ± 0.2% 0.2 ± 0.3% 0.3 ± 0.5% 1.0 ± 1.4% 2.7 ± 3.4% 
B. 'Green Mound' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.1% 2.3 ± 1.6% 
B. semp. 'Justin Brouwers' 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.1% 0.2 ± 0.2% 0.1 ± 0.1% 0.1 ± 0.1% 0.1 ± 0.1% 0.1 ± 0.1% 1.0 ± 0.4% 2.2 ± 0.7% 
B. semp. 'Newport Blue' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.1% 0.1 ± 0.0% 0.6 ± 0.5% 2.1 ± 1.9% 
B. sempervirens 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.2 ± 0.3% 0.1 ± 0.2% 0.5 ± 0.1% 2.1 ± 0.5% 
B. semp. 'Handsworthiensis' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.1% 0.0 ± 0.1% 0.5 ± 0.4% 1.8 ± 0.5% 
B. semp. 'Rotundifolia' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.0% 0.1 ± 0.1% 0.1 ± 0.1% 0.7 ± 0.8% 1.6 ± 1.6% 
B. semp. 'Glauca' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 1.0 ± 0.7% 1.5 ± 1.5% 
B. micr. 'Trompenburg' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.2 ± 0.1% 0.1 ± 0.0% 0.1 ± 0.0% 0.1 ± 0.0% 0.2 ± 0.0% 1.0 ± 0.4% 1.4 ± 0.6% 
B. micr. 'National' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.0% 0.1 ± 0.0% 0.1 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.6 ± 0.6% 1.3 ± 1.5% 
B. micr. 'Belvédère' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.2% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.1% 0.0 ± 0.0% 0.3 ± 0.1% 0.8 ± 0.3% 
B. micr. 'Faulkner' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.1% 0.0 ± 0.0% 0.3 ± 0.1% 0.7 ± 0.2% 
B. micr. 'John Baldwin' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.3 ± 0.1% 0.1 ± 0.1% 0.1 ± 0.0% 0.6 ± 0.2% 
B. micr. 'Golden Dream' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.1 ± 0.1% 0.0 ± 0.0% 0.4 ± 0.1% 0.5 ± 0.1% 
B. micr. 'Sunnyside' 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.0 ± 0.0% 0.2 ± 0.1% 
 250 
 
Table 2 Percentages of diseased leaves (±stdev, n=2)  for 33 Buxus cultivars during different dates of evaluation (0-35 days post inoculation) of host susceptibility experiment 1B. Data is ranked 
from highest to lowest % diseased leaves at the evaluation point with highest overall disease pressure (69 days post inoculation). B. semp. = B. sempervirens, B. micr. = B. microphylla. 
Buxus cultivar 0 7 14 21 28 35 
B. semp. 'Memorial' 0.0% ± 0.0% 4.6% ± 3.1% 13.3% ± 17.3% 20.0% ± 8.0% 14.9% ± 12.4% 25.0% ± 6.5% 
B. semp. 'Suffruticosa' 0.0% ± 0.0% 4.8% ± 2.8% 14.5% ± 2.9% 20.6% ± 18.6% 18.1% ± 17.8% 23.2% ± 9.3% 
B. micr. 'Morris Midget' 0.0% ± 0.0% 3.6% ± 0.3% 5.8% ± 3.0% 11.7% ± 8.3% 8.3% ± 0.8% 12.5% ± 8.8% 
B. balearica 0.0% ± 0.0% 2.6% ± 1.6% 7.9% ± 5.0% 10.0% ± 6.6% 10.9% ± 4.2% 11.2% ± 5.8% 
B. semp. 'Blauer Heinz' 0.0% ± 0.0% 3.2% ± 1.1% 8.3% ± 0.2% 7.0% ± 1.2% 5.7% ± 1.2% 6.5% ± 0.3% 
B. semp. 'Ingrid' 0.0% ± 0.0% 1.2% ± 0.0% 4.0% ± 2.2% 7.1% ± 5.4% 6.5% ± 5.4% 6.5% ± 1.0% 
B. bodinieri 0.0% ± 0.0% 1.3% ± 0.5% 4.1% ± 0.6% 5.4% ± 0.9% 4.2% ± 0.4% 6.1% ± 2.9% 
B. semp. 'Latifolia Maculata' 0.0% ± 0.0% 1.6% ± 0.6% 2.8% ± 0.4% 3.7% ± 1.0% 3.9% ± 1.8% 5.3% ± 0.2% 
B. semp. 'King Midas' 0.0% ± 0.0% 1.7% ± 0.5% 4.8% ± 1.2% 6.3% ± 3.4% 4.1% ± 0.2% 4.9% ± 4.2% 
B. semp. 'Tall Boy' 0.0% ± 0.0% 1.1% ± 0.3% 3.8% ± 0.8% 3.0% ± 1.1% 2.7% ± 0.9% 3.1% ± 1.9% 
B. micr. 'Rococo' 0.0% ± 0.0% 1.7% ± 0.5% 3.6% ± 2.0% 5.8% ± 6.4% 3.4% ± 3.8% 3.0% ± 1.4% 
B. semp. 'Angustifolia' 0.0% ± 0.0% 2.4% ± 0.8% 7.6% ± 2.4% 8.1% ± 0.8% 5.5% ± 0.9% 2.7% ± 0.5% 
B. 'Green Gem' 0.0% ± 0.0% 0.7% ± 0.1% 1.6% ± 0.5% 2.2% ± 1.1% 2.7% ± 0.9% 2.3% ± 1.0% 
B. semp. 'Justin Brouwers' 0.0% ± 0.0% 2.0% ± 2.1% 4.5% ± 2.9% 4.3% ± 3.8% 3.0% ± 3.2% 2.2% ± 1.0% 
B. sempervirens 0.0% ± 0.0% 0.3% ± 0.1% 1.0% ± 0.0% 1.5% ± 0.7% 1.1% ± 0.0% 1.6% ± 0.5% 
B. semp. 'Rotundifolia' 0.0% ± 0.0% 1.4% ± 0.2% 3.7% ± 0.8% 3.4% ± 1.1% 2.4% ± 0.7% 1.3% ± 0.0% 
B. semp. 'Varifolia' 0.0% ± 0.0% 0.2% ± 0.1% 1.4% ± 0.1% 1.5% ± 0.1% 1.0% ± 0.1% 1.2% ± 0.3% 
B. micr. 'Golden Dream' 0.0% ± 0.0% 0.5% ± 0.3% 2.6% ± 3.2% 2.8% ± 3.6% 1.3% ± 1.4% 1.2% ± 0.5% 
B. semp. 'Glauca' 0.0% ± 0.0% 2.3% ± 1.4% 3.9% ± 1.8% 4.0% ± 2.8% 1.9% ± 0.6% 1.2% ± 0.6% 
B. semp. 'Dark Sky' 0.0% ± 0.0% 0.0% ± 0.0% 0.8% ± 0.3% 0.7% ± 0.2% 0.9% ± 0.4% 1.0% ± 1.0% 
B. micr. 'Trompenburg' 0.0% ± 0.0% 0.2% ± 0.1% 0.6% ± 0.2% 0.6% ± 0.1% 0.6% ± 0.1% 1.0% ± 0.0% 
B. micr. 'National' 0.0% ± 0.0% 0.4% ± 0.3% 1.8% ± 0.0% 1.3% ± 0.2% 0.3% ± 0.3% 0.8% ± 0.0% 
B. semp. 'Newport Blue' 0.0% ± 0.0% 0.4% ± 0.3% 1.1% ± 0.8% 0.7% ± 0.7% 0.4% ± 0.4% 0.8% ± 0.7% 
B. semp. 'Elegantissima' 0.0% ± 0.0% 0.2% ± 0.0% 1.0% ± 1.0% 1.7% ± 0.4% 1.7% ± 0.1% 0.7% ± 0.2% 
B. micr. 'Koreana' 0.0% ± 0.0% 1.0% ± 0.2% 1.4% ± 0.1% 0.6% ± 0.0% 1.1% ± 1.1% 0.7% ± 0.4% 
B. semp. 'Planifolia Haller' 0.0% ± 0.0% 1.3% ± 0.3% 3.1% ± 0.6% 2.6% ± 0.7% 1.9% ± 0.4% 0.6% ± 0.4% 
B. micr. 'Henry Hohman' 0.0% ± 0.0% 0.1% ± 0.0% 0.5% ± 0.4% 0.5% ± 0.6% 1.1% ± 1.1% 0.6% ± 0.6% 
B. 'Green Mound' 0.0% ± 0.0% 0.1% ± 0.1% 0.5% ± 0.5% 0.4% ± 0.4% 0.6% ± 0.5% 0.6% ± 0.5% 
B. micr. 'Belvédère' 0.0% ± 0.0% 0.0% ± 0.0% 0.4% ± 0.4% 0.7% ± 0.2% 0.5% ± 0.3% 0.5% ± 0.2% 
B. semp. 'Handsworthiensis' 0.0% ± 0.0% 1.1% ± 0.5% 2.1% ± 1.3% 2.0% ± 0.2% 1.1% ± 0.4% 0.5% ± 0.2% 
B. micr. 'John Baldwin' 0.0% ± 0.0% 0.8% ± 0.9% 1.7% ± 1.8% 1.6% ± 2.0% 1.0% ± 1.1% 0.3% ± 0.0% 
B. micr. 'Sunnyside' 0.0% ± 0.0% 0.0% ± 0.0% 0.3% ± 0.1% 0.2% ± 0.0% 0.3% ± 0.1% 0.2% ± 0.2% 
B. micr. 'Faulkner' 0.0% ± 0.0% 0.1% ± 0.1% 0.4% ± 0.1% 0.1% ± 0.1% 0.3% ± 0.2% 0.0% ± 0.1% 
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Table 3 Mean # of total leaves of the detector plants used in susceptibility experiment 1A (determined on 3 replicate plants, before inoculation) and visual scoring of different aspects related 
to disease development (69 days post inoculation). The data is ranked in accordance to Table 1. B. semp. = B. sempervirens, B. micr. = B. microphylla. 
Buxus cultivar 
Mean # of leaves / plant (n=3) 
(±stdev) 
Leaf lesion size Leaf drop susceptibility General disease severity 
B. micr. 'Morris Midget' 250.0 ± 50.0 2 2 4 
B. semp. 'Memorial' 666.7 ± 28.9 2 1 4 
B. semp. 'Suffruticosa' 666.7 ± 28.9 2 1 4 
B. semp. 'Blauer Heinz' 433.3 ± 28.9 2 0 4 
B. semp. 'King Midas' 666.7 ± 28.9 2 0 4 
B. balearica 93.3 ± 20.8 1 0 2 
B. semp. 'Ingrid' 466.7 ± 28.9 2 0 3 
B. micr. 'Koreana' 516.7 ± 76.4 2 2 3 
B. semp. 'Planifolia Haller' 433.3 ± 76.4 2 0 3 
B. semp. 'Tall Boy' 416.7 ± 28.9 2 0 3 
B. semp. 'Angustifolia' 233.3 ± 76.4 2 0 2 
B. semp. 'Dark Sky' 350.0 ± 50.0 2 0 1 
B. bodinieri 450.0 ± 0.0 1 1 2 
B. semp. 'Latifolia Maculata' 333.3 ± 28.9 2 0 2 
B. micr. 'Henry Hohman' 516.7 ± 28.9 1 2 2 
B. 'Green Gem' 533.3 ± 28.9 1 1 2 
B. semp. 'Varifolia' 300.0 ± 50.0 2 0 1 
B. micr. 'Rococo' 666.7 ± 28.9 1 2 2 
B. semp. 'Elegantissima' 450.0 ± 50.0 2 1 1 
B. 'Green Mound' 483.3 ± 28.9 1 1 1 
B. semp. 'Justin Brouwers' 683.3 ± 160.7 1 0 2 
B. semp. 'Newport Blue' 483.3 ± 28.9 2 0 2 
B. sempervirens 683.3 ± 28.9 2 0 2 
B. semp. 'Handsworthiensis' 300.0 ± 0.0 2 0 1 
B. semp. 'Rotundifolia' 216.7 ± 28.9 2 0 1 
B. semp. 'Glauca' 266.7 ± 28.9 2 0 1 
B. micr. 'Trompenburg' 683.3 ± 57.7 0 1 0 
B. micr. 'National' 333.3 ± 28.9 1 1 1 
B. micr. 'Belvédère' 466.7 ± 28.9 1 2 0 
B. micr. 'Faulkner' 566.7 ± 57.7 1 2 0 
B. micr. 'John Baldwin' 600.0 ± 50.0 1 2 1 
B. micr. 'Golden Dream' 983.3 ± 104.1 1 2 0 
B. micr. 'Sunnyside' 483.3 ± 28.9 1 2 0 
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Figure 1 Interaction between weather conditions and disease development during susceptibility experiment 1A. A) 
Percentages of diseased leaves at the different evaluation points (0-69 days post inoculation (dpi)) for a selection of five 
Buxus cultivars ( : B. microphylla ‘Morris Midget’, : B. sempervirens ‘King Midas’, : B. sempervirens ‘Memorial’, 
: B. sempervirens ‘Suffruticosa’, : B. sempervirens ‘Blauer Heinz’). B) Daily rain (L x m
-2
 x day
-1
). C) Daily mean 
relative humidity (%). D) Minimal, mean and maximal daily temperature (°C) 
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Figure 2 Interaction between weather conditions and disease development during susceptibility experiment 1B. A) 
Percentages of diseased leaves at the different evaluation points (0-69 days post inoculation (dpi)) for a selection of five 
Buxus cultivars ( : B. microphylla ‘Morris Midget’, : B. balearica, : B. sempervirens ‘Memorial’, : B. 
sempervirens ‘Suffruticosa’, : B. sempervirens ‘Blauer Heinz’). B) Daily rain (L x m
-2
 x day
-1
). C) Daily mean relative 
humidity (%). D) Minimal, mean and maximal daily temperature (°C) 
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Buxus spp. are among the most popular plants with modern-day gardeners. This popularity is due to 
the diversity of shapes, sizes, growth rates and ornamental landscaping uses as well as their easy 
maintenance (Batdorf, 2004; Larson, 1999; Saunders Brothers, 2011; Van Trier & Hermans, 2005). For 
a long time, boxwood was considered to be generally free of important pests and diseases (Henricot 
et al., 2008). In the mid-1990’s, however, nurseries and gardeners were confronted with a formerly 
unknown fungal blight disease, commonly known as ‘boxwood blight disease’. This fungal disease is 
caused by Cylindrocladium buxicola (synonym Cylindrocladium pseudonaviculatum) (Crous et al., 
2002; Henricot et al., 2000; Henricot & Culham, 2002). Since these early observations, the pathogen 
has spread throughout the commercial boxwood sector, and is now widespread in most areas where 
Buxus is grown. Boxwood blight seriously affects the aesthetics of the Buxus plants and can even lead 
to plant mortality, causing substantial economic losses (Henricot, 2006; Henricot et al., 2008; Ivors et 
al., 2012; Saracchi et al., 2008). The disease threatens historical boxwood gardens (Groen & 
Zieleman, 2012) as well as wild boxwood populations throughout Europe and Asia (Gehesquiere et 
al., 2013; Gorgiladze et al., 2011; Henricot, 2006). 
Fungicide treatments are currently the main way to prevent outbreaks of this disease in nurseries 
and gardens. But the number of available active ingredients as well as the social acceptance of 
fungicide use is now diminishing. Before a sustainable integrated disease management can be 
developed, reliable knowledge about the pathogen’s biology and the susceptibility of the different 
Buxus species and cultivars must be gained. The aim of this dissertation was to fill this knowledge 
gap. We have thoroughly studied four aspects of this disease: 1) the diversity of C. buxicola isolates; 
2) the epidemiology of C. buxicola; 3) the susceptibility of a range of Buxus species to this pathogen; 
and 4) the efficacy of fungicides against C. buxicola. 
In the first part of this thesis, we determined the genotypic and phenotypic diversity of a worldwide 
collection of C. buxicola isolates. The pre-2000 population of this pathogen was shown to be 
genetically homogeneous by Henricot et al. (2002). It was unclear if the current worldwide 
population was established by international transfer of isolates of the original population, or if 
additional introduction(s) from an unknown centre of origin had occurred. The identification of (an) 
additional lineage(s) in C. buxicola could have important consequences regarding control and 
epidemiology. We have identified an additional lineage (designated G2) using AFLP and multilocus 
sequencing. A PCR-RFLP assay as well as real-time PCR assays were developed to differentiate 
between these lineages. Isolation years and location data of isolates of the two lineages (G1, the 
original lineage, and G2) suggest that G2 was introduced in the mid 2000’s in Western Europe and 
has a rapidly expanding geographic distribution. We compared the sexual compatibility, morphology, 
physiology, fungicide susceptibility and pathogenicity of isolates of the two lineages. No differences 
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in morphology or pathogenicity were observed and the lineages did not demonstrate sexual 
compatibility. However, the G2 isolates demonstrated reduced sensitivity to important fungicide 
groups and were more thermotolerant. These characteristics may affect the epidemiology and 
control of isolates of this new lineage. To enable more detailed migration and evolutionary studies, 
we developed simple sequence repeat (SSR) markers within the main lineage (G1), which allowed for 
higher resolution genetic screening. The genome of a reference G1 isolate was sequenced and 
candidate SSR regions were screened for length polymorphisms. In total, 11 polymorphic SSR 
markers were identified for the G1 lineage, resulting in 14 G1 multilocus genotypes. Several genetic 
bottlenecks relating to international transfer of isolates were identified. Moreover, the SSR markers 
are useful molecular tools to discriminate between the current and any possible newly-emerging 
lineages.  
The second part of the thesis relates to the epidemiology of the pathogen. To detect C. buxicola in 
leaf, water and air samples, we first developed real-time polymerase chain reaction assays based on 
the ribosomal DNA internal transcribed spacer 1 (ITS) and the β-tubulin 2 (TUB) gene. The ITS-based 
assay provided superior sensitivity, and good but not complete specificity. This assay is well-suited 
for epidemiological studies. The TUB-based assay is slightly less sensitive but fully specific, and can 
thus be used for diagnostics. We developed and optimized sample processing and DNA extraction 
methods. Further, we demonstrated the applicability of the techniques to practically-sized plant, 
water and air samples. These molecular tools were used to determine dispersal characteristics 
(distance and pathways), survival, and introduction of C. buxicola. We analyzed samples from 
production nurseries as well as samples from controlled-spread experiments on a mock container 
field. These experiments gave supporting data that water-mediated spread is the main short distance 
dispersal pathway of C. buxicola. Although aerial dispersal of wind-borne conidia is unlikely, wind-
dispersal of infected dropped leaves can be a pathway for medium- to long-distance dispersal. 
Human-mediated dispersal via contaminated clothing and pruning shears was determined to be a 
possible, but inefficient, pathway of spread.  
The third part of the thesis focuses on the host susceptibility of a range of Buxus species and the 
segregation of resistance. Several in vivo host susceptibility screenings were conducted, both under 
controlled and (semi)practical conditions. Although none of the tested Buxus species or cultivars was 
100% resistant to C. buxicola, we did observe large variations in host susceptibility under simulated 
practical conditions. To substantiate these observations, additional tests were conducted under 
controlled conditions. Those tests illustrated host-specific differences in the sporulating potential of 
C. buxicola,  and in infection severity as a function of leaf wetness period and temperature. Several 
characteristics influence susceptibility of a given cultivar under practical conditions, making 
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susceptibility difficult to predict. In general, the cultivars of the B. microphylla genetic cluster (Van 
Laere et al., 2011) were less susceptible than the B. sempervirens cultivars, mainly due to smaller 
lesions and consequently also more limited sporulation. Although these experiments were primarily 
conducted to screen the relative susceptibility of diverse Buxus cultivars, they also yielded valuable 
information regarding the interaction with weather conditions. Further, we conducted several 
histological experiments to better understand the underlying mechanisms of host susceptibility. 
Microscopic inspection after challenge inoculation of a representative selection of Buxus species and 
cultivars revealed no host-specific anatomical variation or pre-infection host-pathogen interactions 
that could significantly reduce host susceptibility. However, epifluorescence microscopy did reveal 
important differences in the deposition patterns of phenolic compounds following penetration of the 
stomata (post-infection). This indicated effective differences in the nature, timing or level of 
inducible defense responses. We also determined the segregation of % diseased leaves and lesion 
size characteristics in four interspecific crossing populations. The observed segregation patterns were 
indicative of polygenic segregation of quantitative resistance traits. A weak linear relationship was 
observed between % diseased leaves and lesion size in the hybrid plants. This indicates a more 
complex genetic background with two disease resistance traits - the combination of these two 
ultimately determines disease susceptibility.  
The final part of this thesis was dedicated to the determination of the preventive and/or curative 
efficacy of 22 commercially available fungicides, containing 24 active ingredients from 13 (FRAC) 
fungicide groups. Several products demonstrated good to excellent contact and/or systemic activity 
against C. buxicola and were held for future registration trials.  
The molecular tools developed during this research will allow for improved detection, identification 
and characterization of C. buxicola in future diagnostics and research. The identification and 
characterization of the G2 lineage will safeguard the effectiveness of future registered fungicides. A 
better understanding of the biology and epidemiology of C. buxicola should result in additional 
management options such as interference with the pathogen’s spread, survival and introduction via 
cultural measures. Profound knowledge of the susceptibility of the different Buxus species and 
cultivars allows for better risk assessment of the current assortment. Moreover, this knowledge is 
valuable when making commercial decisions about the future assortment. Our increased knowledge 
about the inducible defense responses and the segregation of resistance traits offers a basis for 
resistance breeding. Finally, the epidemiological data obtained during this research can be developed 
into a warning system, giving the opportunity of a decreased use of fungicide applications which can, 
in combination with a sustainable use of effective fungicides, help prevent the development of 
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fungicide resistance. The knowledge contained in this thesis provides a sound foundation for 
developing a sustainable integrated disease management strategy for C. buxicola in Buxus. 
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Buxus soorten zijn populair bij hedendaagse tuinliefhebbers, omwille van hun diversiteit in vorm, 
grootte en groeisnelheid, hun gemak in onderhoud en veelzijdigheid in gebruik (Batdorf, 2004; 
Larson, 1999; Saunders Brothers, 2011; Van Trier & Hermans, 2005). Buxus werd traditioneel 
beschouwd als een plant zonder belangrijke plagen of ziektes (Henricot et al., 2008). Midden jaren 90 
echter werden kwekers en tuiniers voor het eerst geconfronteerd met een voordien onbekende 
bladvlekkenziekte, veroorzaakt door de schimmel Cylindrocladium buxicola (synoniem 
Cylindrocladium pseudonaviculatum). Deze pathogeen heeft zich in korte tijd doorheen de 
commerciële buxussector verspreid, en de ziekte is vandaag de dag wijdverspreid in de meeste 
gebieden waar Buxus wordt gekweekt. Deze buxusziekte tast in sterke mate de sierwaarde van Buxus 
planten aan en kan zelfs leiden tot het afsterven van planten, wat zware economische verliezen 
veroorzaakt (Henricot, 2006; Henricot et al., 2008; Ivors et al., 2012; Saracchi et al., 2008). Bovendien 
bedreigt de ziekte historische buxustuinen (Groen & Zieleman, 2012) en wilde Buxus populaties in 
Europa en Azië (Gehesquiere et al., 2013; Gorgiladze et al., 2011; Henricot, 2006). 
De ziekte wordt in kwekerijen en tuinen vooral bestreden door middel van preventieve 
behandelingen met fungiciden. Het aantal toegelaten actieve ingrediënten loopt echter terug, en het 
gebruik van deze middelen wordt door de maatschappij minder en minder aanvaard. Om een 
duurzame, geïntegreerde aanpak van C. buxicola mogelijk te maken, is er dringend nood aan meer 
kennis over de biologie van deze pathogeen en de gevoeligheid van verschillende Buxus soorten en 
cultivars. Het verkrijgen van deze kennis was de hoofddoelstelling van deze thesis. 
In het eerste deel van dit onderzoek werd de genetische en fenotypische diversiteit bepaald in een 
internationale collectie C. buxicola isolaten. Henricot et al. (2002) hebben reeds aangetoond dat de 
C. buxicola isolaten van vóór 2002 genetisch uniform zijn. Het was echter onduidelijk of de huidige 
wereldwijde populatie door verspreiding via de internationale handel ontstaan is uit de originele 
populatie, of dat er ondertussen nieuwe introducties plaats hebben gevonden vanuit een onbekend 
oorsprongsgebied. De identificatie van één of meerdere nieuwe C. buxicola genetische lijnen kan 
belangrijke gevolgen hebben wat betreft de bestrijding en de epidemiologie van deze schimmel. 
Door middel van AFLP en multilocus sequeneringen werd een tweede genetische lijn geïdentificeerd 
(G2 genoemd), in aanvulling op de originele introductiepopulatie (G1). Om het onderscheid te maken 
tussen isolaten van beide introducties werd een PCR-RFLP assay en real-time PCR assays ontwikkeld. 
De isolatiejaren en de locatiegegevens van de isolaten van beide genetische populaties geven aan dat 
de G2 groep pas rond 2005 werd geïntroduceerd in West-Europa, en zich sindsdien geografisch snel 
verspreidt. We vergeleken sexuele compatibiliteit, morfologie, fysiologie, gevoeligheid ten opzichte 
van fungiciden en pathogeniciteit van beide genetische populaties. Er werden geen verschillen 
waargenomen in morfologie of pathogeniciteit, en de populaties vertoonden geen sexuele 
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compatibiliteit. Isolaten van de G2 populatie vertoonden echter wel verlaagde gevoeligheid ten 
opzichte van belangrijke fungicidengroepen, én bleken minder gevoelig voor hoge temperaturen, wat 
de epidemiologie en bestrijding van de isolaten uit deze groep kan beïnvloeden. Om meer 
gedetailleerde studies naar migratie en evolutie toe te laten werden ‘simple sequence repeat’ (SSR) 
merkers ontwikkeld binnen de G1 groep, wat genetische screening met hogere resolutie toeliet. Het 
genoom van een G1 referentieisolaat werd gesequeneerd, en kandidaat SSR gebieden werden 
gescreend op de aanwezigheid van lengte polymorfismen. In totaal werden 11 polymorfe SSR 
merkers geïdentificeerd in de G1 groep, die samen aanleiding gaven tot 14 G1 multilocus genotypes. 
Verschillende genetische ‘bottlenecks’ konden gerelateerd worden aan internationale transfer van 
de pathogeen. Bovendien kunnen de SSR merkers gebruikt worden om de huidige en mogelijk 
toekomstige genetische lijnen te onderscheiden.  
Binnen het tweede deel van deze thesis werd de epidemiologie van de pathogeen bestudeerd. Om C. 
buxicola in plant-, water- en luchtstalen te kunnen detecteren, werden eerst ‘real-time polymerase 
chain reaction’ (qPCR) assays ontwikkeld, gericht op de detectie van de ribosomaal DNA ‘internal 
transcribed spacer 1’ (ITS) sequentie en het β-tubuline (TUB) gen. De ITS-gebaseerde assay wordt 
gekenmerkt door superieure sensitiviteit en goede maar onvolledige specificiteit, en is zeer geschikt 
voor epidemiologische studies. The TUB-gebaseerde assay is minder gevoelig, maar is daarentegen 
wel volledig specifiek, en kan daarom gebruikt worden voor diagnostische doeleinden. Protocols voor 
staalnames en DNA extracties werden ontwikkeld en geoptimaliseerd. De bruikbaarheid van deze 
protocols werd aangetoond op plant-, water- en luchtstalen van praktisch betekenisvolle groottes. 
Deze moleculaire tools werden gebruikt om verspreiding, overleving en introductie van C. buxicola na 
te gaan, via de verwerking van stalen genomen op commerciële kwekerijen en via gecontroleerde 
verspreidingsexperimenten op een containerveld. Deze experimenten toonden aan dat korte 
afstandsverspreiding van C. buxicola voornamelijk via opspattend regen- of irrigatiewater gebeurt. 
De verspreiding van de conidia via wind lijkt daarentegen onwaarschijnlijk. De mogelijkheid van 
verspreiding door menselijke activiteit, door middel van gecontamineerde werkkledij en 
snoeimaterialen, werd eveneens aangetoond, maar bleek een weinig efficiëntie manier van 
verspreiding.  
In het derde deel werd gefocust op de waardplantgevoeligheid van een reeks interessante Buxus 
soorten en cultivars, en de overerving van resistentie. Er werden verschillende in vivo screenings naar 
waardplantgevoeligheid uitgevoerd, zowel onder gecontroleerde omstandigheden als onder 
(semi)praktijkomstandigheden. Geen enkele van de geteste Buxus soorten of cultivars bleek immuun 
te zijn tegen C. buxicola, maar wel werden grote verschillen in waardplantgevoeligheid 
waargenomen onder gesimuleerde praktijkomstandigheden. Om deze observaties te ondersteunen, 
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werden bijkomende testen onder gecontroleerde omstandigheden uitgevoerd om de 
waardplantspecifieke sporulerende capaciteit en de efficiëntie van infectie in functie van 
bladnatduur en temperatuur te bepalen. De gevoeligheid van een cultivar bleek afhankelijk van vele 
factoren, en daardoor moeilijk te voorspellen. In het algemeen zijn de soorten van de B. microphylla 
cluster minder (Van Laere et al., 2011) gevoelig dan de B. sempervirens cultivars, voornamelijk door 
de vorming van kleinere lesies, en bijgevolg ook minder sporulatie. Hoewel deze experimenten 
voornamelijk werden uitgevoerd om de relatieve gevoeligheid van verschillende Buxus soorten en 
cultivars na te gaan, werd er ook waardevolle informatie verkregen over de interactie met 
weersomstandigheden. Om een beter inzicht te krijgen in de onderliggende processen die leiden tot 
waardplantresistentie werden verschillende microscopie experimenten uitgevoerd na inoculatie van 
een representatieve selectie Buxus soorten en cultivars. Er werden geen waardplant-specifieke 
anatomische verschillen of pre-infectie interacties gevonden die de waardplantresistentie significant 
kunnen beïnvloeden. Wél werden er via fluorescentiemicroscopie significante verschillen gevonden 
in de afzet van fenolische componenten na binnendringen van de stomata (post-infectie), wat een 
aanwijzing is voor verschillen in het aard, de reactiesnelheid en het niveau van induceerbare 
verdedigingsresponsen. Daarnaast werd ook de overerving van het lesie aantal en lesiegrootte 
nagegaan in vier interspecifieke kruisingspopulaties. De uitsplitsingspatronen zijn indicatief voor 
multigene overerving van kwantitatieve resistentiefactoren. In de hybride populaties werden zwakke 
positieve lineaire relaties waargenomen tussen lesieconcentratie en lesiegrootte. Dit wijst op een 
complexe genetische achtergrond met twee ziekteresistentie-eigenschappen, waarvan het 
gecombineerde effect de uiteindelijke waardplantgevoeligheid bepaalt. 
In het laatste deel van deze thesis werd de preventieve en/of curatieve werking nagegaan van 22 
commercieel beschikbare fungiciden, die samen 24 actieve ingrediënten bevatten uit 13 (FRAC) 
fungicidengroepen. Verschillende producten vertoonden een goede tot uitstekende contactwerking 
of systemische werking tegen C. buxicola, en kunnen in de toekomst worden getest voor registratie.  
De moleculaire tools ontwikkeld in dit onderzoek zullen een betere detectie, identificatie en 
karakterisering van C. buxicola toelaten in diagnostiek en toekomstig onderzoek. De identificatie en 
karakterisering van de G2 groep zal de effectiviteit van toekomstige geregistreerde fungiciden veilig 
stellen. Een beter inzicht in de biologie en epidemiologie van C. buxicola moet een aangepaste 
cultuurtechniek toelaten waarbij geïnterfereerd wordt met de verspreiding, overleving en introductie 
van de pathogeen. De grondige kennis van de gevoeligheid van de verschillende Buxus soorten en 
cultivars laat een betere risicoinschatting toe in het huidige assortiment, en is voor kwekers 
bovendien waardevol bij het nemen van beslissingen over het toekomstig assortiment. De inzichten 
in de induceerbare verdedigingsresponsen en de overerving van resistentiefactoren vormen een 
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basis voor de ontwikkeling van resistente cultivars door veredeling. De epidemiologische gegevens, 
tenslotte, kunnen gebruikt worden bij de ontwikkeling van een waarschuwingssysteem, waardoor 
het aantal behandelingen kan verminderd worden en, in combinatie met een duurzaam gebruik van 
effectieve fungiciden, de kans op resistentievorming geminimaliseerd kan worden. De 
gecombineerde kennis verworven tijdens dit onderzoek levert een belangrijke bijdrage bij de 
overstap naar een duurzame, geïntegreerde beheersing van C. buxicola in Buxus.  
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